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Abstract

White rice is one of the most cultivated and consumed rice types worldwide and is
growing in popularity as an ingredient in gluten-free products. However, white rice
consumption can significantly affect glycaemic homeostasis due to its high and
rapidly digestible starch content, which may pose health risks if not managed
properly. There is an increasing need to understand better how rice microstructure
may influence rice starch’s conversion to glucose during digestion and the
relationship between rice microstructure and its health-benefiting properties.
Therefore, this thesis presents a comprehensive investigation of the relationship
between the cooked white rice microstructure and the in vitro digestibility. An
emphasis is placed on the influence of the rice protein network, which entraps
starch granules in “protein-starch matrices,” on controlling starch digestibility.
Moreover, the addition of low acyl gellan gum (LAGG) was evaluated as an
innovative approach to further reduce starch digestibility upon rice cooking by
simulating the starch entrapment mechanism used by the proteins in the protein-
starch matrices. The primary objectives of this study were i) to investigate the
complex interaction between the microstructure of white rice and in vitro starch
digestion and ii) to identify the feasibility of developing innovative rice-based

formulations with a low-glycaemic index potential.

This study begins with investigating how microstructure influences the textural
characteristics and in vitro oral starch digestion of two types of white rice, non-
parboiled white jasmine rice (JR) and parboiled white rice (PR), from high- and low-
glycaemic index (Gl) categories, respectively. Despite the similar total starch
content, PR had higher amylose and protein content than JR; moreover, PR had
more compact protein-starch matrices than JR, which has limited starch
gelatinisation capacity during the cooking process. Additionally, LAGG addition was
investigated for its effects on the physicochemical and microstructural attributes of
cooked rice. LAGG induces a distinct viscosity increase of JR and a change in its
thermal properties by hindering starch gelatinisation. Microstructural alterations,

such as the formation of B-sheet structures and V-type starch-LAGG complexes,



were also observed, with microscopic analysis confirming a coating on the rice grain
surface. All these changes were less evident in PR, perhaps due to the already
partially denatured protein network and pre-gelatinised starch, forming more
compact protein-starch matrices. This increased compactness of the matrices in PR
can act as a physical barrier between digestive enzymes and starch, thus decreasing
starch digestibility, and modifying the starch digestion kinetics. In parallel, the
addition of LAGG on cooked JR or PR resulted in promising for reducing starch

digestibility by mirroring the encapsulating effect of a protein network.

The study extends to the digestion kinetics, which were quantitatively evaluated by
a static in vitro digestion model combined with a multi-enzyme system which
progressively removed rice protein networks, revealing two-phase starch digestion
patterns. Starch digestibility became higher when the protein network was
previously physically disintegrated by homogenisation. As the homogenisation
process was prolonged, the degree of granular-scale disintegration was increased,

as well as enzymatic accessibility and protein and starch digestibility.

It is important to note that starch digestibility is affected by the in vitro digestion
conditions adopted. In this thesis, a semi-dynamic in vitro digestion model,
characterised by controlled pH changes in the gastric phase and simulated
peristalsis, was also used. Compared to the static digestion model, the effect of
homogenisation (oral processing simulation) on starch digestibility became less
evident in the semi-dynamic model due to the constant structure disintegration
provided by the simulated peristalsis. However, LAGG-cooked rice displayed lower
starch digestibility under both digestion models than non-LAGG controls, indicating
LAGG multi-functionality (viscosity increase- and physical barrier properties) in

mitigating starch digestibility.

Based on the above findings, a gluten-free orzo-shaped pasta with low predicted
glycaemic index (pGl) potential was developed from rice flour, incorporating rice
protein and/or LAGG. Formulations including LAGG and/or protein exhibited altered

pasting properties due to limited starch gelatinisation and formation of starch/LAGG



complexes, resulting in reduced starch digestibility and improved cooking quality

and texture.

Overall, this collective research provided insight into the role of rice microstructure
(specifically the protein-starch matrices) and the addition of LAGG in controlling
starch digestibility. This approach would offer a pathway to innovate and develop

healthier rice-based products.

Keywords: rice-based product, low acyl gellan gum, protein-starch matrices; in

vitro digestibility.
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1 General introduction

1.1 Introduction

Food's profound influence on human well-being has long been acknowledged, as
highlighted by the popular adage "You are what you eat," attributed to Brillat-
Savarin's seminal work, “Physiologie du Gout, ou Meditations de Gastronomie
Transcendante” (The Physiology of Taste, or Meditations on Transcendental
Gastronomy), which outlined the following: "Tell me what you eat, and | will tell you
what you are". This phrase's contemporary resonance underscores the critical role
of diet in shaping our physical composition and our behavioural and personality
traits, transcending cultural and temporal boundaries (Han & Dingemanse, 2017; Chi
et al., 2021). Nowadays, food occupies a middle ground between industrial/natural
products, nutrition, and science. Most individuals expect that eating a healthy,
balanced diet will improve or maintain physical and mental well-being.
Unfortunately, due to the high consumption of refined and ultra-processed foods in
today's society, diet-related health issues cause enormous economic losses and life
quality impoverishment (Monteiro et al., 2018; Monteiro & Cannon, 2019; Dicken &
Batterham, 2022). It has become necessary to know what, why, and how to eat due

to these conflicts between health concerns and the availability of food products.

Therefore, there is an increasing scientific consensus on promoting plant-forward
diets (diets with a high percentage of plant-based ingredients) to achieve positive
health outcomes (Gibbs & Cappuccio, 2022). However, these diets tend to be high
in carbohydrates due to high proportions of grains, legumes, and fruit. It is,
therefore, unlikely that a plant-forward diet will provide the blood sugar control that
many people experience while following a low-carbohydrate diet. A typical example
is the consumption of white rice, a habitat staple food for more than half of the
world's population (Jeevetha, 2014; van Dam, 2020). There is evidence that white
rice contributes to nearly half of the daily caloric intake, with a greater proportion

of this food in some plant-forward diets (Mohan et al., 2014; Bhavadharini et al.,



2020). Its remarkable commercial value and consumer acceptance are mostly due
to its promising cooking qualities, appealing sensory properties, and long shelf life
(Malabadi et al., 2022; Kasote et al., 2022). However, rice’s high proportion of
starch, which is rapidly digestible, can induce an acute glycaemic response while
digested. This response makes rice a high-glycaemic index (Gl) food and can be
associated with increased risks for diabetes and diabetes-related conditions (Oba et

al., 2010; Khosravi-Boroujeni et al., 2013; Bhavadharini et al., 2020).

The functional properties of food materials are mainly related to their nutrient
digestibility and bioactivity. A growing body of knowledge has revealed the
importance of assessing the nutritional value of foods by analysing their nutrients
and considering how food structure impacts nutrient digestion and the health
implications. It is becoming increasingly apparent that food microstructure is closely
related to its functionality. Emerging evidence has suggested that the structure of
plant-based food at various length scales (e.g., molecule, cell, tissue, and organ) is
responsible for the digestion and accessibility of nutrients and bioactive molecules.
The microstructural complexities of the food matrices, as well as the interactions
among its constituents that occur during processing and digestion, provide a
framework for evaluating physical (such as thermal, pasting) and sensory (textural,
bolus-forming) properties as well as nutritional contributions (such as releasing
nutrients and bioactive compounds as necessary). Knowing the relationship
between food structure and function can contribute to designing and fabricating
food structures that resemble nature to deliver nutrients with predictable
bioaccessibility and bioadaptability. Similar concepts, such as "bio-mimic plant
foods" (Do et al., 2018) or the food matrices reorganisation to facilitate nutrient
delivery (Capuano et al., 2018; Aguilera, 2019; Li et al., 2021; Mondal et al., 2022)

were proposed.

Natural plant-based foods offer many examples of fascinating biomimetic
structures, which have been studied extensively. Research on microstructural
features in starchy foods with low-Gl, such as brown rice, legumes, or wholegrain

pasta, has demonstrated that protein networks entrap starch granules and limit



starch digestion in vitro (Zou et al., 2016; Khatun et al., 2020; Do et al., 2023). The
role of the starch structure in the modulation of enzymatic digestion has been the
subject of intense research (Zhang et al., 2006; Zhang & Hamaker, 2009; Li et al.,
2023). These findings have been used to develop starch-based products with
reduced starch digestibility through the incorporation of proteins and their
hydrates, using modified slowly digestible starch, as well as altering cooking
techniques to maintain the protein-starch matrices integrity (Laleg et al., 2016; Lili

et al., 2020; Culetu et al., 2021; Miraji et al., 2021).

Performing in vivo nutrient delivery evaluations is essential, but they can be
challenging in a reproducible and accurate manner because of individual
differences, especially in human subjects. Monitoring digestion during the
gastrointestinal tract is highly complex, technically demanding, ethically restricted,
and costly. Thus, most research (e.g., that referenced above) prefers to use in vitro
models to simulate digestion for a better understanding of the digestion behaviour,

nutrient bioaccessibility and bioacceptability.

Digestion systems exhibit a high level of physicochemical complexity but are still
based on mechanical movements, similar to those used in food processing
(Bornhorst & Singh, 2012; Bornhorst et al., 2016). For example, chewing and mixing
in the upper digestive tract are analogous to the food industry's crushing, grinding,
and homogenising processes. In vitro digestion models have evolved in many ways
over the past three decades. The transition is from simplified static digestion,
focusing on the enzymatic hydrolysis of nutrients and related kinetics, to dynamic
models that mimic the anatomy, morphology, mechanical movement, and
biochemical conditions of the human gastrointestinal tract ( Bohn et al., 2018; Wu

& Chen, 2020; Wang et al., 2021).

However, there is a need for a deeper understanding of how we eat. The complexity
of food matrices and the further changes occurring during food cooking have
significantly impacted nutrient digestion. For example, Tamura et al. (2016)
investigated the necessity of simulating oral processing for starch digestion of
cooked rice. They found that the rate of starch digestion increased significantly in
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correlation with grain damage during cooking. Hardness-induced differences in
bolus (chewed food mass before swallowing) have been demonstrated to affect
starch and digestion kinetics in wheat (Wu & Warren, 2023) and wheat pasta
(Blanquet-Diot et al., 2021; Li et al., 2021) and sorghum flour (Xu et al., 2022).

Recent advances have been made in understanding the influence of microstructural
and biomimetic protein networks constraints on starch digestion in rice-based food
products. However, the role of the intact protein-starch matrices presented in
edible form (i.e., the cellular units, protein network, and starch granule) and their
interactions limiting starch digestibility remain unclear and warrant further
investigation. There is also little scientific evidence to explore the possibility of
designing low-glycaemic foods by understanding the inhibitory effects of these
structural properties on starch digestion. Within the scope of the thesis topic, the
research studies focused on developing white rice-based foods with reduced Gl
potential by i) observing the protein-starch matrices of two specific white rice types
with distinct Gl; ii) examining and understanding the strength and performance of
their protein-starch matrices in cooked rice form in inhibiting starch digestion under
simulated digestion conditions; iii) serve as mimic models for developing rice-based
foods that inhibit starch digestion. The rice models were selected as they
demonstrated differences in starch digestion properties and provided a chance to

study protein and starch component factors affecting starch digestibility.

The research presented in this thesis compares two rice types from low and high-Gl
categories in detail to understand how the characteristics of protein, starch, and the
combined matrices limit starch digestibility in vitro. Regarding the in vitro digestion
system, besides considering different oral processing modes (only swallow, normal
and fine mastication), a static model with multiple enzyme settings was also used to
understand the general effect of protein hydrolysis on starch digestibility. An
integrated semi-dynamic digestion model that incorporates gastric pH changes,
peristalsis movement simulations, and viscosity monitoring was developed to
provide more complex digestion conditions to evaluate the capability of the protein-

starch matrices to reduce starch digestibility. This work presents an opportunity to
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design better-informed food products that contain nature-like structures that can

potentially reduce starch digestibility and Gl.
1.2 Research aims and objectives

White rice and rice-based products are associated with many postprandial
physiological effects. However, the mechanisms behind these effects still need to be
fully understood, especially for cooked rice. The protein-starch matrices represent
the predominant structure of white rice grains, and it should be studied at various
structural levels, ranging from macroscopic down to nanoscopic/molecular level. It
has been suggested that cooked rice structure may profoundly affect its degradation
mechanism during digestion; however, the degradation mechanisms require better

understanding.

The hypothesis underlying this thesis is that during digestion, white rice types that
have different microstructures exhibit different physicochemical responses to each
digestion phase (oral, gastric, and intestinal), resulting in different starch kinetics of

hydrolysis in each phase.

Therefore, this thesis aimed to develop a low-Gl rice-based food by imitating the
native protein-starch matrices of cooked rice, known for its low-Gl properties, and
preserving the recreated structure using low acyl gellan gum. In this study, it was
important to understand the role that the rice protein-starch matrices play in
controlling the gelatinisation of starch, followed by enzymatic hydrolysis.
Considering the relationship between rice structure and digestibility, the objectives

of this thesis were:

e To understand the effect of cooking on the characteristics of the
protein-starch matrices to starch digestibility in white rice (Chapter 4)

e To understand the effect of protein hydrolysis on the impact of starch
digestibility in white rice (Chapter 5)

e By utilising a semi-dynamic digestion system to create a complex
digestion scenario to understand the digestive response of cooked

white rice (Chapter 6)



e To study the role of low acyl gellan gum in preserving the
microstructure of white rice upon cooking.

e Based on the results of chapters 4, 5, and 6, develop a formulation to
imitate the protein-starch matrices and create food with low-Gl

properties (Chapter 7)
1.3 Thesis overview

Chapter 2 provides a brief overview of the literature regarding the hierarchical
assembly of rice grains and their structural disassembly during processing and
human digestion. The chapter then explains the role of grain structure in controlling
starch digestion at different hierarchical levels and length scales, from nanoscale to
macroscale level, including molecular, cellular, and tissue levels. This chapter also
reviews the literature about developing rice products with nature-like functionality
to modulate macronutrient digestion and physiological response. An overview of
the materials, technology, and methodology used to prepare the investigated
samples is proposed in Chapter 3. Methods for analysing physicochemical (pasting,
thermal and hydration) and microstructural properties of food models and the in
vitro digestion systems used are also described in Chapter 3. Chapters 4 to 7 are the

main results chapters of this thesis.

In Chapter 4, the role of the protein-starch matrices in two white rice types (high
and low-Gl) is studied to understand its effect on the physicochemical and
microstructural changes occurring in rice before and after cooking. In addition, a
food-grade hydrocolloid (low acyl gellan gum, LAGG)-water dispersion was used in
formulations and/or as a cooking medium. Its potential effect on reducing protein-
starch matrices disintegration was studied. Although advances have been made in
understanding the protein-starch matrices in cooked rice (Chapter 4), the structure
and mechanism of slow starch digestion remain unclear. The comprehensive
investigation of rice protein network breakdown has been, to our knowledge,
conducted for the first time and discussed in Chapter 5, utilising physical
homogenisation (oral processing simulation) and a novel multi-enzyme iterative in

vitro digestion method (gradual enzymatic hydrolysis closely resembling digestion
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conditions in vivo). In addition to assessing protein digestion, starch digestibility
resulting from these protein digestion processes was also evaluated. Furthermore,
rice was also cooked with LAGG to evaluate the function of LAGG in preserving the
integrity of the protein-starch matrices and reducing the digestibility of cooked rice

starch and protein.

Chapter 6 presents a novel semi-dynamic digestion system capable of simulating
more complex digestion processes (including pH changes in the gastric phase,
peristalsis movement, and viscosity monitoring). Detailed information on viscosity
provides new insights into the mechanisms underlying slow starch digestion
involving increased viscosity that interferes with enzyme mass transfer. Also, rice
cooked with LAGG was produced to evaluate the hydrocolloid role in reducing starch
digestibility by increasing viscosity and preserving the integrity of the protein-starch

matrices and the starch and protein in cooked rice.

Based on the three previous results chapters, the suggestions about the role of
protein and LAGG in inhibiting starch digestion were used to develop rice-based
products with low-Gl potential. Therefore, Chapter 7 investigates the effect of rice
protein and LAGG on in vitro starch digestion in four different formulations of rice-
based gluten-free orzo pasta (rice shape pasta), consisting of i) white rice flour, ii) a
two-component mixture of white rice flour and LAGG; iii) a two-component mixture
of white rice flour and rice protein isolates, iv) a three-component mixture of white
rice flour, rice protein and LAGG. For these formulations, two cooking media,

distilled water or LAGG- distilled water dispersion, were used.

Chapter 8 provides a general discussion of experimental results, conclusions, and

future work directions.
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2 Literature review

2.1 Introduction

Rice (Oryza sativa) is one of the most essential food commodities in the world, with
a cultivation history spanning over 80 centuries (Spengler et al., 2021). A staple food
in Asian cuisine, it is also rapidly increasing in the Western diet due to its taste,
nutritional value, and versatility. The Food and Agriculture Organisation (FAO)
reported that rice supply has remained over 80 kilograms/capita/per year for the
last decade since records were kept (FAO, 2021). Data from the Organisation for
Economic Cooperation and Development (OECD) and FAO show that per capita
consumption of rice is about 55 kilograms per year, equivalent to about 20 % of the
calorie intake of the world's population and 50 % for people living in poverty (OECD,
2021). Among all rice varieties, white rice is the predominant form consumed
worldwide (Kaur et al., 2015). post-harvest processes can further improve the
texture and flavour of cooked white rice by facilitating starch gelatinisation during
cooking and starch hydrolysis to maltose during chewing (Toutounji et al., 2019).
The nutritional benefits of rice are not limited to its low-fat and sodium content,
gluten-free nature makes it an ideal alternative to wheat flour, which is commonly
used in baked goods such as bread, pasta, and foods for babies (Alvarez-Jubete et
al., 2010; Kamlesh et al., 2010; Toutounji et al., 2019). It has been demonstrated
that the hydrolysates and peptides produced by rice protein (glutelin and albumin)
digestion are suppressive of proinflammatory cytokines, hyperglycemia and
cholesterol levels (Yang et al., 2012; Kubota et al., 2013; Hoogenkamp et al., 2017).
Rice also presents a more significant potential for new food products due to its
versatility, as it can be eaten as whole grains, boiled or steamed. Alternatively, rice
can be milled into flour or fermented to produce a variety of foods, such as desserts

or yoghurt (Witczak et al., 2016).

However, the effects of its digestible starch on the glycaemic response (measured
by the glycaemic index, Gl) of humans have been linked to many metabolic

syndromes. Besides the intrinsic characteristics of rice, different food processing
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techniques are also known to impact its Gl. As the Gl of white rice has become an
increasingly important marketing factor for manufacturers and consumers, current

research focuses on producing functional rice products with reduced Gl.

The chapter begins with a summary of the hierarchical structure characterising rice
grains (Section 2.2), followed by a description of how the digestion of rice occurs in
the oral-gastrointestinal tract. Different methods are discussed that can influence
the physicochemical characteristics of rice to mitigate its starch digestibility.
Evaluation in vivo of the glucose response to starch intake is inevitable, although
there are limitations on the validity, reliability, and reproduction of the results, along
with high costs and ethical concerns. In vivo systems exhibit a high level of physical-
chemical complexity, but they are still based on mechanical movements similar to
those already available in food processing (Bornhorst et al., 2016). Therefore, both
in vitro and in vivo approaches are necessary to gain a deeper understanding of how
food constituents contribute to digestibility, and they will be discussed in Sections

2.4, 2.5, and 2.6 of this chapter.
2.2 Structure of rice grain

Mature rice is harvested as paddy grains, i.e., a caryopsis where the endosperm is
enclosed by hulls (husk) (Blakeney & Matheson, 1984). The caryopsis, known as
brown rice (Fig. 2.1), is refined into the more widely consumed polished white rice.
As a result of processing and milling, the outer layers of the caryopsis (represented
by the husk and the bran) and the germ are removed. The bran layer is rich in fat,
dietary fibres, minerals, and vitamin B complex; the germ is also rich in dietary fibre
and fat. White rice grains can be further polished to improve their appearance,
physicochemical, and eating quality. The removed aleurone layer contains fats,
vitamins, minerals, and protein (Zhou et al., 2002; An et al., 2020), although in lower
amounts than the bran. The endosperm is rich in starch (80 g/100 g), protein (7-8
g/100 g), fat (3 g/100 g) and fibre (3 g/100 g) (Elaine et al., 2006).
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Fig. 2.1. Rice grain structure. Structures of: (A) paddy grain (Blakeney & Matheson,
1984), (B) endosperm (An et al., 2020), (C) protein-starch matrices (green in protein and

purple in starch) of inner endosperm (white rice).

White rice, also known as milled rice, is the product of a paddy harvest that
undergoes a series of processes, including dehulling, milling, and polishing. A variety
of fractions are removed, including hulls, brans (which contain most of the lipids),
and aleurone layers, resulting in a loss of lipid, protein, crude fibre, minerals, and

vitamins while increasing the percentage of starch content (Shobana et al., 2011).

The hierarchical structure of a modular system (such as rice grains) can typically be
classified into three different length scales (macroscopic, mesoscopic, and
nanoscopic), which represent populations of food components, and are used as
examples in this thesis. The macroscopic scale (100 um-over 7.5 mm) is related to
the whole rice grain or fractions of it; the mesoscopic scale (0.1-100 um) is
associated with single cells and their protein-starch matrices structures; the
nanoscopic scale (less than 0.1 um) refers from the whole organisation of starch
granules, protein bodies, and lipid nanoparticles to the primary constituents of each

(monosaccharides, amino acids, and fatty acids respectively). An understanding of
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how the hierarchical structure is assembled would provide insight into the fate of
rice during digestion (microstructural disintegration). This reduction in size of rice
during digestion has been demonstrated in previous research (Bornhorst et al.,
2013; Liet al., 2021). When rice enters the oral phase (macroscopic level, related to
the whole rice grain or its fractions), its structural complexity and large particle size
are dramatically reduced during mastication. Disintegration (mesoscopic level,
associated with the single cells and their protein-starch matrices) of structural
elements proceeds during gastrointestinal digestion, both mechanically and
enzymatically. Starch digestion, therefore, occurs as a consequence of the rice grain
being broken down into multiple cellular systems containing starch, allowing the

liberation of the starch granules and conversion into monosaccharides eventually.
2.3 Can white rice pose a health risk?

Millions of people around the world rely upon rice for their primary source of energy
and nutrition. However, this grain contains high levels of rapid-digestible starch,
which has been linked to glycemic spikes and related health complications (Boers et
al., 2015; Madhu et al., 2017). In fact, Bhavadharini et al. (2020) reported on the
association of white rice consumption with the risk of diabetes based on the data of
132,373 participants in 21 countries. Based on the findings of the study, higher
consumption of white rice (450 g per day, 3 cups of cooked white rice) is related to
an increased risk of diabetes, compared with consumption of lower quantities of
white rice (150 g per day, one cup of cooked white rice). White rice consumption
was found to be associated with diabetes with the strongest correlation in South
Asia, while in other regions, such as North America, Europe, and Africa, this
association was modest or not significant. The type of white rice grown in these
three regions, along with post-harvest practices such as parboiling and quick-
cooking, may play a role in reducing the amount of rapidly digestible starch and
alleviating the health risks associated with white rice consumption (Boers et al.,
2015; Hamad et al., 2018; Sivakamasundari et al., 2020; Ngo et al., 2023). As part of
its effort to simplify the understanding of how digestible properties of intrinsic

starch contribute to postprandial glycemic response, FAO/WHO have suggested
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using the glycemic index (Gl) for categorising starch-rich foods such as white rice.
The glycaemic index (Gl) is a way to rank carbohydrate-containing foods and
beverages according to how quickly they increase glucose levels in the bloodstream
compared with a reference (glucose or white bread, with 100 % relative starch
digestibility, i.e., Gl equal to 100). Foods are normally classified as high (270),
medium (56-69), and low (<55) Gl (details in Section 2.4).

It has been shown in several studies that high-Gl foods may cause oxidative stress,
hypersecretion of Insulin, and dyslipidaemia, all of which are associated with a wide
range of health complications (Anderson et al., 2018; Lambadiari et al., 2020; Pawlak
et al., 2001). Diet-related chronic diseases such as obesity, diabetes, cardiovascular
disease, and certain cancers are more likely to develop in people who consume high-
Gl foods (Kaur & Singh, 2016; Saneei et al., 2017; Carcea et al., 2021).Meanwhile, a
growing body of evidence supports that intake of staple foods with a low or medium
Gl positively impacts health and contributes to the prevention of commonly
occurring non-communicable diseases (Jenkins et al., 2008; Schwingshackl &
Hoffmann, 2013; Jukanti et al., 2020; Miller et al., 2024). As for white rice, the
international Gl table by Atkinson et al. (2021) revealed that the majority of varieties
(cooked) have Gl scores of 70 or higher, but that low-Gl varieties, e.g., Bangladeshi

rice, are also available.

Cooked rice's Gl and its relationship to its starch digestion rate are influenced by a
variety of intrinsic and extrinsic factors. Rice grain structure intrinsic characteristics,
especially starch architecture, play a crucial role. A number of extrinsic factors are
discussed in this study, which are related to post-harvest processes (industrial and
domestic) and in particular physical processing, which can alter the grain
microstructure of rice. Finally, how rice interacts with other components in food
during digestion (food matrix effects) affects the digestibility of rice starch and

further Gl level.
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2.4 Rice bolus to digesta: oral-gastrointestinal digestion and

grain structural disintegration

The digestion process of rice starts with the mechanical rupture of the grains by
chewing and mixing with saliva, contributing to the initial starch enzymatic
degradation by a-amylase from human saliva. The rice “bolus” (the mass at the end
of the chewing step) is then delivered to the stomach, where further degradation
occurs by the combined effect of low pH, mixing by peristalsis and enzymatic action
of pepsin (rice protein hydrolysis). Eventually, the rice “chyme” (the mass at the end
of the gastric phase) is delivered to the intestine, where it undergoes the enzymatic
action of pancreatin by which the food mass is decomposed into more basic
components (such as glucose, amino acid or triglycerides). In the digestion process
(as shown in Fig. 2.2), most of the rice grain structure is progressively degraded from
the hierarchical macroscopic level during the oral phase to the macroscopic-
mesoscopic level during the gastric phase and the nanoscopic level at the end of the
intestinal phase. At the nanoscopic level, the compounds are ready to be absorbed
by the intestine and contribute to an increase in the glycaemic response, which can
be represented by the glycaemic index from a food digestion perspective (Kaur et
al., 2016). Starch constitutes most of the dry weight of rice; it is the most abundant
component in cooked rice (80-90 %) and is the main factor regulating digestion at

the three observation levels.
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Fig. 2.2. Schematic of the anatomical hierarchy of rice structures in nature and the
disassembly of these structures during human digestion and in vitro digestion

model (based on the INFOGEST procedure).

2.4.1 Enzymatic reactions

Enzymes are protein-based complexes that play a vital role in the oral-
gastrointestinal digestive system. As biological catalysts, enzymes accelerate
chemical reactions that break down large food molecules into “building block”
constituent parts. On a chemical level, enzymes are similar to other catalysts, i.e.,
they do not alter the thermodynamic equilibrium of chemical reactions and are
mostly not consumed during the reaction (Shen et al., 2022). Unlike most other
catalysts, enzymes possess a much greater degree of specificity. In vivo, different
enzymes usually work together in systems, e.g., converting carbohydrates
(substrates) into energy (products) (Chandel et al., 2021). Enzymes speed up the
reaction through activation energy reduction. During most reactions, an unstable
and highly energetic transition state is formed when substrates are converted into
products. Enzymes also serve as templates for reactions, binding to each substrate
and holding them in the proper position for the reaction. The enzyme also surrounds
the substrate with reactive groups, stabilising the transition state and facilitating the

reaction process (Tester et al., 2004). Fig.2.3 depicts the role of enzymes (a-amylase)
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in converting starch to maltose and dextrin. Despite being complex, enzymatic
reactions in vivo can be characterised by three steps: enzymatic diffusion and
adsorption, the formation of enzyme-substrate (ES) complexes stabilised by
interactions including non-covalent or transient-covalent bonds, and the catalytic
reaction (Butterworth et al., 2011). In this regard, the rate at which the glycaemic

level rises could be regulated at any of these three steps.
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Fig. 2.3. Mechanism of Enzyme Action. Schematic showing the structure of an enzyme,
including its active site, to which a substrate molecule binds to form an enzyme-substrate
complex. When the reaction occurs, products are released from the active site.

2.4.2 Macroscopic level

At the macroscopic level (100 um-over 7.5 mm), the substrate for starch digestive
enzymes (amylases) is the intact rice grains or fractions. In the rice grain, the pores
in the peripheral layer and interior channels (Fig. 2.4a) contribute to the speed and
range of enzyme diffusion into the granules, thus affecting hydrolysis rates and

extents.
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Fig. 2.4. Multi-scale structure of rice and starch. (a) intact rice grain (length 5-7 mm,
width 1.5-3.0 mm, thickness 1.5-2.1 mm); (b) rice starch granules (1-100 um); (c) starch
amorphous (in white) and semi-crystalline (in purple) growth rings (or shells; 120—-400 nm);
(d) magnified detail of the semi-crystalline growth ring (9 nm), made of crystalline (6 nm)
and amorphous (3 nm) lamellae; (e) amylopectin double helices forming the crystalline
lamella, and amylose molecular structure forming the amorphous lamella (0.1-1 nm);.
Adapted from Bao (2018) and Chi et al. (2021).

Therefore, processes that damage the surface and enlarge those tunnels increase
the accessibility towards starch granules by exposing more a-glucan chains to a-
amylase (Wolever et al., 1986). It has been documented that particle microstructure
(size and morphology) of starch granules plays a role in determining the mesoscopic
size of starch (0.1-100 um). As shown in Fig. 2.5, the image illustrates the
morphology of a cooked white rice grain (A), showing starch granules arranged in

cells with a polyhedral shape and approximately 2-7 mm in size.
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Fig. 2.5. The protein-starch matrices observed in cereals. Protein-starch matrices of
cooked white rice grain (A1) and in an individual cellular unit (A2); rice starch granules
(purple) arranged and trapped within a protein network (green), scale bar =50 um. (B) An
electron micrograph of the starch granules encapsulated in the protein networks of the
sorghum endosperm (Black, 2004). (C) Cross-section of wheat grain (only protein stained
with Coomassie bright blue G250) (Zhong et al., 2023). (D) The matrices of high- (D1) and

low- (D2) protein content encapsulating corn starch granules (Gibbon et al., 2003).

The size of rice starch granules is smaller than that in most cereal grains (such as
wheat) and legumes, which leads to a higher surface-to-volume ratio for the
substrate and an increased likelihood of ES complex formation. It is also interesting
that results reported by Sujka et al. (2010) demonstrated that starch digestibility
could be similar, whether in the form of single and large granules or in agglomerates
of small granules. This suggests that starch hydrolysis does not simply follow an
"inside-out" pattern, where a-amylase hydrolyses the outer boundary layers of
granules. It is also possible that the enzyme could also diffuse within the granules
through natural pores and interior channels ("side-by-side pattern"). An early study
using human subjects concerning starch digestibility and granule size was published
by Langworthy et al. (1922). The digestibility of starch derived from various sources
(raw rice, arrowroot, canna, cassava, taro, tree fern, and potato) was used as an
ingredient for frozen puddings (100g/day over 3 days). By measuring the amount of

undigested starch in faeces detected by iodine testing, the authors determined that
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starch digestibility was negatively related to granule size and was species
dependent. Large grains, such as potatoes or canna, had starch molecules still
detectable in the faeces. However, smaller grains, such as rice, corn, and wheat,
showed no traceable starch molecules in the faeces, suggesting they had been
completely digested. Another structural factor affecting the a-amylase accessibility
is the growth ring density within the starch granules (Fig. 2.4c). The growth rings
mainly comprise blocklets built up by alternate semi-crystalline and amorphous
lamellas. The effects will be discussed in detail in the mesoscopic scale-related

(Section 2.3.3).

The structural organisation of non-starch components (proteins, lipids, fibres)
interacting with starch granules at this level also affects the accessibility of a-
amylase. Protein networks encapsulating the starch granules moderate the
digestion process in two ways. First, microstructural analyses reveal that proteins
and lipids were supposedly attached to the surfaces of starch granules in native rice
flour. Similar to those reported in various cereals (e.g. wheat, corn sorghum), rice
grains contain compact and ordered protein-starch matrices (Fig. 2.5) (Gibbon et al.,
2003; Black, 2004; Sujka & Jamroz, 2010; Zhong et al., 2023). Functioning as physical
barriers, rice protein networks can facilitate the stability of starch structure, thereby
reducing the level of hydration and enzymatic accessibility. Therefore, starch
digestibility increased significantly after protein removal (Ye et al., 2018). The results
of an in vitro study conducted by Li et al. (2021) demonstrated that the digestion
rate coefficient (k) of cooked rice flour was significantly lower than that of either

cooked starch isolates or a mixture of isolated starch and protein.

Secondly, rice protein is subjected to different stages of proteolysis upon
consumption. The process of protein hydrolysis is initiated by pepsin at low pH
during the gastric phase and by trypsin during the intestine phase (Rivera Del Rio et
al., 2021). The resulting water-soluble fragments of digested protein and the
hydrolysate produced showed a substantial inhibitory effect on starch digestibility

(Amagliani et al., 2017; Ina et al., 2019). Residues of the water-insoluble fragments
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could remain bound to starch granules, reducing enzyme accessibility due to steric

hindrances (Ma et al., 2020; Lu et al., 2022).

Starch digestion may be reduced in the presence of lipids because of a physical
interaction between the lipids and starch granules (Wang et al., 2017; Cai et al.,
2021). However, the amount of lipid in white rice is relatively low (3 %), and the
milling process also removes a significant portion, further reducing the lipid content
to 0.5-1 % (Morrison, 1988). It is also confirmed by published reviews (Godber &
Juliano, 2004; Wang et al., 2020; Chi et al., 2022)

2.4.3 Mesoscopic level

As a result of digestion, starch undergoes irreversible ordered-to-disordered
transitions, including the disassembly of molecular structures (crystalline and helical
structures). Starch self-structural features (lamellae ordering, thickness, fractal
nature) are instrumental in determining starch digestibility in this scale range. The
growth rings in rice starch granules are organised in layers, alternating between
semi-crystalline and amorphous regions (fractal structure), each of them with a
thickness of 400 nm (Patindol et al., 2014). The semi-crystalline regions consist of a
series of concentric crystalline (double-helix chains) and amorphous (amylopectin
branch points) lamellae with thicknesses of 6 nm and 3 nm, respectively (Dome et

al., 2020) (Fig. 2.4d).

The degree of crystallinity, crystal size, and compactness of the starch fractals can
be characterised by X-ray diffraction (XRD) and small angle X-ray scattering (SAXS),
especially if the information on the short-range starch chains (less than 1 nm) is
required (Tang et al., 2006). Different plant sources of rapid and slowly digestible
starches (wheat, corn, rice, chickpea) have different density profiles, which can be
used to study digestive behaviour and predict Gl before consumption from the
starch structural inherent patterns (Wang & Copeland, 2013; Wang et al., 2016;
Dome et al., 2020; Li et al., 2020; Chi et al., 2021). Specifically, Li et al. (2021) studied
the in vitro digestion rate of 11 rice starch varieties and their structures within the
mesoscopic level, finding a negative correlation between the compactness of starch

fractals and the rate and extent of digestion. It has been found that the slower and
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less digestible starches exhibit a high degree of crystallinity and compactness while
their lamellae are thinner. Based on the findings reported above, several methods
have been explored to reduce the starch digestibility in cooked rice by applying
physical processes such as heat-moisture treatments (Puncha-Arnon & Uttapap,
2013; Zhou et al., 2020) or parboiling (Manful et al., 2008; Tian et al., 2018), or by
selecting varieties with finer fractal density and higher crystallinity (Wang et al.,

2018; Chi et al., 2018; He et al., 2021; Li et al., 2021).

It is worth mentioning that the reduced digestibility of certain starches can be
attributed to two aspects of such fractal characteristics and the way in which a-
amylase penetrates through the pores on the starch granules. One would expect
that amorphous regions of the surface would be hydrolysed more rapidly than
ordered crystallites. It may be because the crystalline regions are composed of
amylopectin with double helices that are not digestible unless untwisted (Gallant et
al.,, 1992; Li et al., 2020). However, the amorphous regions are also thought to
contribute to reducing the enzyme's ability to digest ordered crystalline lamellas. A
study by Zhang et al. (2006), which compared corn starch before and after
linearisation with mild acid (to reduce amorphous regions), demonstrated that the
amorphous regions are densely packed and that the proximity of the crystalline and
amorphous regions inhibited digestive enzymes from performing favourable

hydrolysis.

The molecular structure organisation density (represented by the degree of
crystallinity) can affect the in vitro digestibility of rice starch, which is consistent with
the finding that amylopectin crystallites must untwist before digestion (Gallall et al.,
1992). Since the rotation of amylopectin double helices during the unwinding
process is a kinetic limiting step in digestion (Zhang et al.,2006; Li et al., 2020). In
addition, digestion kinetics showed a positive correlation with crystalline and
amorphous lamellar thickness. It has been observed that the amorphous lamellae
are thicker in the absence of amylose (i.e., in waxy starch) than in its presence, while
the crystalline lamellae are thinner. Longer spacers within thicker amorphous

lamellas would promote rapid dissociation due to their increased flexibility during
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digestion (Jenkins & Donald., 1995; Bertoft, 2017). Li et al. (2020) suggested that
several characteristics of the structural organisation provided are critical to consider
collectively rather than individually when assessing the digestibility of a
supramolecular polymer such as starch. Examples of these characteristics are
compactness (the degree of crystallinity), size (chain length of amylose and

amylopectin), and the weight of the semi-crystalline lamellas within starch granules.
2.4.4 Nanoscopic level

Starch consists of two glucose polymers that comprise rice starch: amylopectin (AP,
more extensive and highly branched molecules) and amylose (AM, smaller and more
linear molecules) (Fig. 2.4e). The effect of AM content, AM/AP ratios, and chain
lengths on starch digestibility have been studied previously (Chung et al., 2011;
Jeevetha, 2014; Dhital et al., 2016; Wang et al., 2017; Guillén et al., 2018). Most of
the rice starch is composed of AP (65-85 % weight); generally, the majority of AP is
composed of short (1-4) chains, which are further linked by 4-6 % of (1-6) bonds
(Vandeputte et al., 2003). Conversely, AM comprises a (1-4) bonds with a few
branches linked by a (1-6) bonds. AM content varies among rice varieties, ranging
from 1-2 % in waxy white rice to over 30 % in high-amylose starch varieties. It has
been shown that AM is related to rice hydrolysation by a-amylase in different food
models (including grains, flour, and isolated starch). However, some contradictory
results have been reported. For example, the Gl of cooked rice containing high
amounts of AM appears to be lower regardless of the method of cooking (Miller et
al., 1992; Wang et al., 2017). Reed et al. (2013) examined the effect of different
cooking methods on rice categorised by different AM contents. The RS content
differed for the same rice type depending on the cooking method. Likewise,
different rice types cooked with the same method presented different levels of RS;
this was attributed to the different initial AM content among the rice types. Another
factor responsible for the different RS content in the samples could be the initial AP
structure and how it changes during cooking and digestion. The study conducted by
Syahariza et al. (2013) investigated the correlation between the starch digestibility

of cooked rice flour and its molecular (AM and AP) structural features. The digestion
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rate appears to be related to the chain length of long AM branches, as well as to the
ratio of long to short AP branches and the ratio of long AM branches to short AP
branches. However, the correlation results are rather suggestive. The effect might

be more concentrated and noticeable at higher levels of hierarchy.

In addition to AP content (the AM/AP ratio), AP chain length also affects the
digestion rate. The study of Benmoussa et al. (2007) examined the relationship
between AP delicate structures (chain length and branching characteristics) and
starch digestion rate. Statistical analysis revealed a strong positive correlation
between the proportion of rapidly digestible starch (RDS) and the proportion of very
short AP linear chains. In contrast, there was a strong negative correlation between

RDS and the proportion of long and intermediate/short linear chains of AP.

2.5 Therole of Gl in diet: measurement in vivo, applications and
limitations
2.5.1 Physiological definition of Gl (in vivo)

The definition of Gl indicates how quickly the blood glucose concentration increases
in the first 2 hours after food ingestion. As shown in Eq. 2.1, the Gl is calculated as
the ratio (%) of the area under the glycaemic response curve (AUC; i.e., blood
glucose concentration over time) of a test food and the AUC of a reference food
(usually a glucose drink or white bread). A mass of 50 g is used for both the test and

reference food (Brand et al., 1991; Wolever et al., 2008).

AUCTest food

GI =
AUCReference food

X 100 % (Eq.2.1)

The glycaemic load (GL) was further developed to comprehensively consider the
total amount of carbohydrates consumed, which can be calculated from Eq. 2.2
(Salmeron et al., 1997; Foster-Powell et al., 2002). The GL of food represents the
amount of blood glucose increase after consumption of a specific mass of food with
a specific Gl, describing the cumulative exposure to postprandial glycaemia (Monro

and Shaw, 2008).

25



GI
L=—xPxWt (Eq.2.2
G 100 t (Eq.2.2)

Where:

P is the proportion of the digested and absorbed carbohydrates in the test
food.

W is the sample food weight.

The effectiveness of these two definitions has also been evaluated by systematic
review and dose-response meta-analysis (Ojo et al., 2018; Zafar et al., 2019). Results
showed there is a positive correlation between Gl and relative risk factors (RRs) of
noncommunicable diseases (NCDs) such as type 2 diabetes (T2DM). The Gl values
also more sensitive to predict the RRs than GL (less required for an increase in RR
per 5 units/day of Gl than for per 20 units/day of GL). thus, Gl was included in the
guide to daily select starchy food (Greenwood et al., 2013). Meanwhile, GL was more
capable of explaining the variability in glucose response than Gl (68 % vs 49 %)
(Sheard et al., 2004). In addition, both values can explain approximately 90 % of the
total variability in glucose response following starchy foods consumption, indicating
their cumulative impact on the rate and extent of glycaemic increases (Wolever &

Bolognesi, 1996a, 1996b).
2.5.2 Physiological effects of low-Gl diet on health

In recent years, there has been a growing interest in the clinical implications and
metabolic changes associated with the low-Gl diet and whether it may possess long-
term health benefits. The following list illustrates the benefits that can be derived
from a low-Gl diet during the carbohydrate metabolism process (0-6 h following
ingestion), as shown in Fig. 2.6 (Ludwig et al., 2002; Ball et al., 2003; Wolever et al.,
2006; Du et al., 2006; Alfenas et al., 2007; Esfahani et al., 2009; Gao & Chilibeck,
2018):

i. Early stage (0-2 hours after ingestion) of glucose metabolism (early
postprandial period): An attenuation of the acute hormone response
caused by less bioavailable (digested, and ready to absorb) glucose from
digested starch.
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ii.  Middle stage (2-4 hours after ingestion) of glucose metabolism (mid-
postprandial period): reduced fluctuations in blood glucose levels and
increased fat oxidation (break down triglycerides to provide energy);
attenuation of the hormone (like insulin) response. A reduction in the
levels of inflammatory factors, such as high-sensitivity C-reactive
protein, a marker of systemic inflammation (shown in Fig. 2.6).

iii. Late-stage (4-6 hours after ingestion) of glucose metabolism (late
postprandial period): The development of sensory-specific satiety; the
maintenance of stable blood glucose levels is associated with a delay
the return of hunger and restricts caloric intake; facilitate the release of

fats from adipocytes into the bloodstream for energy supply

Early period (0-2h) Middle period (2-4h) Late period (4-6h)

Attenuate hormone response ™

Hyperglycemia | " (Mild insulin-to-glucagonratio ) |
/| prevention | | 4 Fat utilisation
< LowGl |/ ‘| W Inflammation | \ ‘ Improved plasma lipid |
Food ,->—> profile
_/4 “ Free fatty acid clearance ‘ Glycogenolysis,
i-’,}., - gluconeogenesis, hepatic
-| {r TG level in the form of VLDL ‘ glucose output etc. back to
oxidation pre-prandial state

A APOA1 & APOA2 expression | |

Fig. 2.6. Physiological benefits associated with the consumption of low-Gl foods.
Reducing advanced glycation end products (AGEs) is also essential for the long-term

health benefits of low-Gl food. It has been demonstrated that AGEs play an essential
role in the pathophysiological process of ageing and metabolic disorders (Chen et
al., 2000; Arasteh et al., 2014; Aljahdali & Carbonero, 2017). AGEs are a complex
molecule group that forms primarily from a non-enzymatic glycation reaction. This
is a prolonged reaction process and involves a reducing sugar (such as glucose) used
to condense with an amine group of proteins (such as collagen, albumin, and
haemoglobin in blood) (Ziaee et al., 2011; Henning & Glomb, 2016). By switching to
a low-Gl diet model, the synthesis of AGEs is restricted due to the deficiency of free
glucose (Whitcomb et al., 2015; Guilbaud et al., 2016). Furthermore, low-GI foods
can alleviate a series of adverse biomedical impacts, such as adipogenesis

(hyperplasia and hypertrophy of adipose cells), reactive oxidative stress and low-
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level immunoreaction (Rondeau & Bourdon, 2011; Anguizola et al., 2013; Boyer et

al., 2015).
2.5.3 Current understanding of Gl data

Two decades after Gl introduction, a series of in vivo research has identified the
potential importance of a low-Gl diet in ameliorating disease progression in patients
with NCDs (Mirrahimi et al., 2012; Augustin et al., 2015). Multiple world health
organisations such as WHO and Diabetes UK have gradually considered the benefits
of a low-Gl diet by reviewing the available research evidence and evaluating the use
of Gl on food labels in many countries (such as Australia, New Zealand, and South
Africa). However, the employment of the Gl data remains very limited in both
dietary guidelines and food products. The American Diabetes Association is still
hesitant about using food Gl data as a measure of food healthiness, and the
assessment from the Health Canada Organisation suggested cancelling plans of
adding the Gl of food to labels (Connor et al., 2003; Sheard et al., 2004; Mann et al.,
2007; Atkinson et al., 2008).

The Gl calculators are not as popular as calorie calculators, as the user experience
of these applications may be sub-optimal (Hoad et al., 2004; Sujka & Jamroz, 2010).
The insufficient use of Gl calculators can be attributed to three main factors: i)
limited food data available; ii) difficulty in calculating GI concerning calorie
calculation if the food matrices is altered by complex food material or cooking
process, especially starch microstructure; iii) strong dependency of Gl values on the
glycaemic/physical status of the consumer (in contrast to calories calculated from

the food material components).
2.5.4 Limitations of the in vivo Gl measurements

Because the GI value was originally designed for diabetic patients, in vivo
measurements were initially the ideal method. However, as research increased in
the area, there was criticism about the validity of in vivo methods due to low
accuracy and precision. The current in vivo methodology of Gl value lacks

comprehensive consideration of inter-individual variability and intra-individual
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reproducibility (Vega-Lépez et al., 2007). Participants from different ethnic
backgrounds, for example, have shown significantly different Gl values (61 + 6 in
healthy Caucasians vs 77 = 12 in healthy Asians) for the same rice type, making it
difficult to provide a precise Gl classification (Venn et al., 2010). However, the
limited number of subjects and samples may also be responsible for these statistical
biases. It is challenging to acquire enough participants, as the Gl measurement is
expensive and complex, and healthy subjects (e.g., those with no diabetes) are
required for standard measurements. Furthermore, invasive methods would be
needed to accurately investigate the digestive fates of starchy food (e.g., collecting
biological material from the gastrointestinal tract or sacrificing animals), which

poses ethical challenges.

Although Gl measurements in vivo are critical to determining the glycaemic
response in an objective digestion process, they lack a comprehensive consideration
of the food matrices. Therefore, researchers are engineering in vitro analysis

techniques that simulate digestion.

Unlike in vivo analysis, which measures glucose concentrations absorbed and carried
through the bloodstream, an in vitro analysis measures the glucose released from
relevant food substrates, providing more information on food digestion behaviour

for creating new food products.
2.6 Invitro digestion models

2.6.1 Model types, applications, and limitations

In vitro digestion models are generally divided into static and dynamic categories.
The difference between the two is based on the type of mechanical movement and
physiological changes adopted. In vitro static models are usually mono-
compartmental (one single reaction vessel), while dynamic models can be single or

multicompartmental (several reaction vessels connected).
2.6.1.1 Static digestion model

A basic static model simulates the enzymatic reaction during the digestion process.

It usually comprises sequence oral, gastric, and intestinal phases, but only single
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intestinal or gastrointestinal phases are used. Although defined as “static,” these
models include rotators, shaking incubators, and magnet stirrers, with the only aim
of obtaining a homogeneous dispersion of the enzyme-substance mixture.
Specifically, in this thesis, glycaemic index prediction with the in vitro static model
was performed by measuring the concentration of intermediate or endpoint
products, i.e., maltose released from starchy food due to hydrolysis by a-amylase.
There are many variations of static models to suit different food types, limiting the
results' comparability and reproducibility. For example, there have been more than
36 protocols of static digestion reported in carbohydrate digestion (Woolnough et

al., 2008). Likewise, methods to study protein digestion also vary.

To standardise the digestion parameters, the COST action INFOGEST set up an
international and standardised protocol published in 2014 (Minekus et al., 2014) and
further refined in 2019 (Brodkorb et al., 2019). Based on this consensus, static
models have become a standard method, and 89 % of in vitro digestion experiments
have been accomplished using static models (Lucas-Gonzalez et al., 2018). The
advantages of static digestion models are numerous. They are simple, cost-effective
methods and can provide good lab-to-lab reproducibility of results. Comparisons of
standardised static models have shown promising correlations with in vivo methods
in carbohydrate, protein, and lipid degradation (Gofii et al., 1997; Brandon et al.,
2006; Egger et al., 2017). Moreover, with the help of numerical and computational
methods, the kinetics of biochemical dissociation in food matrices can be analysed.
The concentration of the endpoint products, such as glucose, free fatty acids, and
amino acids, can be measured at more key time points than in vivo experiments.
Depending on the purpose of the study, the impact of initial conditions, such as pH,
enzyme types, enzyme concentration, mechanical stress, and fluid flow, can be
considered independently or in combinations in each digestion phase. Static models
mainly focus on the upper GIT by simulating its physiological conditions to study the
deformation, delivery, or release of functional ingredients from the food matrices.

Nevertheless, these models can also be extended to the lower GIT if combined with
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membrane-based models, cell-culture, and fermentation models (Deferme et al.,

2007) to study active molecules' absorption, bioaccessibility and bioavailability.

However, static models have limitations as digestion is a complex and dynamic
process. They fail to imitate dynamic changes in pH or enzyme activities. Static
models also lack the inclusion of mass transfer and characteristics such as separate

cavities for different digestion phases, motion patterns, and transfer flow.
2.6.1.2 Dynamic digestion models

Dynamic digestion models are designed to simulate the mechanical aspect of
digestion and include real-time changes in the biochemical conditions. The relevant
design generally includes three main features: configuration, biochemical
environment, and physical forces. For the configuration of the digestion equipment,
it is essential to have a realistic size and shape of the gastrointestinal tract (such as
a “J” shape stomach and tube-like small intestine) and resistant materials able to
manage complex materials (which may wear or degrade the equipment) and
mechanical forces. The biochemical environment includes pH regulation, real-time
control of enzymes, bile concentration, and digesta flow. The physical forces
considered in the model refer to the peristaltic contractions, which can be obtained
with the use of low-speed pumps or Teflon rollers (Marciani et al., 2001; Moxon et

al., 2016; Bohn et al., 2018; Lucas-Gonzalez et al., 2018).

Single-compartment dynamic models usually reproduce one digestive phase and
can provide information related to that specific digestive phase. For example, mouth
models can replicate mastication and bolus formation and analyse the breakdown
of food matrices and the release of volatile compounds (Salles et al., 2007; Benjamin
et al., 2012). Gastric systems, such as a Human Gastric Simulator, a dynamic gastric
model, and a dynamic In vitro Rat Stomach series, can mimic the flow of food, gastric
secretions and emptying (Wu et al., 2017). 3D model engineering and morphology
have been employed to simulate the actual stomach shape and screen the digestive
progress (Zhang et al., 2018). Intestinal systems, such as the Dynamic Duodenum
Model and Human Duodenum Model, can mimic the constant peristaltic movement

and provide simple absorption methods (Tharakan et al., 2010; Hussain et al., 2015).
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To investigate the entire food digestion process, more phases of dynamic models
(e.g., oral and gastric) can be connected; moreover, different phases of the dynamic
model can be connected with static models and become semi-dynamic models. As
depicted in Tab. 2.2, semi-dynamic models provide inhomogeneous and localised
biochemical environments, allowing researchers to study the digestive process of
food in more realistic circumstances (Kong & Singh, 2010; Vardakou et al., 2011).
These models are quite delicate and need significant labour and time for preparation
and post-experiment cleaning. Repeatability is another concern, as parameters are
validated for one particular type of food, which may not be suitable for others

(Dupont et al., 2019).
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Tab. 2.1. Comprehensive comparison between in vitro and in vivo models.

Content

In vitro

In vivo

Overall process

Measuring
endpoints/targets

Hydrolysed products,
intermediates, and active
molecules released during
digestion

Indirect observations
and endproducts of
metabolism (body fluid,
faeces, tissue, cells)

Process

Static/intermittent/dynamic

Real-time/dynamic

Objects

Numerous types and
concentrations of food/drug
matrices, such as
homogenised/intact
materials, isolated or purified
compounds,
cooked/uncooked materials

Limited types and
concentrations of
matrices:

- Natural oral feeding:
usually using complex
matrices (e.g.,
beverages or cooked
meals)

- Forced-feeding: only
matrices that can be
directly swallowed

Mechanical force

Grinder (e.g., meat mincer)
High-shear mixing

Buccal mastication, 50-
150 N

Lips - soft, flexible
closures

Tongue - muscle-type
mixer

Teeth - incisors,
canines, and molars

Buffer Neutral electrolyte solutions Salivary electrolyte fluid
Temperature Usually fixed at 37°C The average 37°C may
be changed by external
stimuli, e.g. hot or cold
beverages.
pH 6.9-7.0 6.2-7.4
Time 2 - 5 mins. Max 15 mins.
v Enzyme Salivary a-amylase from Ptyalin, human salivary
o different origins a-amylase
% Portion 5-50 g, based on the system Usually 50 g; possible
o scale variations
Particle size < 2mm; possibly larger for soft < 2mm for optimal
particles swallowing, possibly
higher for soft food
Tunnel Usually, a silica gel tube Oesophagus (2-3
- (diameter 3 £ 0.10 cm), if seconds)
2' present
g Force A pulley with attached weight  Weak creep force and
A mass (2-4 N) to reproduce a gravity
_§ swallowing model
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Mechanical A rotator/shaking incubation Pyloric sphincter
force (static models); more
complicated techniques in
dynamic models.
Buffer Neutral electrolyte solutions Succus gastric (gastric
juice)
Temperature 37°C Average 37°C
Enzymes Pepsin from the porcine Pepsin and gastric lipase
pancreas is mainly used; Gastric
lipase from rabbits is commonly
used.
pH Start at pH 3 in static models; It can change from 2.0 to
Gradual acidification from 5to 3 6.5 depending on the
can be achieved in dynamic stages of gastric
models. emptying.
Time Between 30-120 mins, fixed time 50 % of stomach
" emptying takes 2.5-3
a2 hours and 4-5 hours for
= total emptying
'§ Portion Residual materials from the oral  Residual materials from
é stage=bolus the oral stage=bolus
Particle size <2mm <2 mm to pass the
pyloric valve
:I Tunnel Teflon membrane with 2 mm Pyloric sphincter
S holes
*3 Force Peristatic valve-pump Weak creep force
(7]
(5]
—=
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Force Outside wall contraction Brush border force (inside
the intestine) and rhythmic
muscular contractions

Buffer Neutral electrolyte solutions Sodium hydrogen
carbonate neutralising
gastric acidity, and other
electrolyte fluids composed
of sodium, potassium,
chloride, and bicarbonate

Temperature 37°C Average 37°C

Enzymes Can use: i) Individual Pancreatin

pancreatic enzymes or related
combination (trypsin,
chymotrypsin, a-amylase,
lipase, and colipase); ii)
§ Porcine pancreatin
£ pH 6.9-7.0 ~8
T,:" Time Approx. 2-3 h, can be 2.5-3 h for 50 % chyme
E prolonged for specific study emptying
€ propose
= Portion Residual materials from the Residual materials from the
g stomach stage stomach stage

Timing in total

Based on INFOGEST, it takes 3
to 18 hours for one digestion
set from the preparation of
solutions to the end of
digestion.

Inconclusive data. The
preparation process,
including ethics approvals,
recruitment, and training of
both animals and humans,
could take weeks.

References

(Araya et al., 2002; Petitot,
Abecassis and Micard, 2009;
Aravind, Sissons and Fellows,
2011; Minekus et al., 2014; T.
Bohn et al., 2018; Brodkorb et
al., 2019)

(Jenkins et al., 1981; Goiii,
Garcia-Alonso and Saura-
Calixto, 1997; Vega-Lopez et
al., 2007; Tappy et al., 2010;
Mills, Norton & Bakalis,
2013)
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Tab. 2.2. Multicompartmental dynamic in vitro models (main dynamic features, applications, and limitations).

Model Dynamic features The system has been applied and further improved upon... Developed by
DIDGI® pH monitors and controls (pH electrode and Classic examples are digestion of dairy products, human milk and infant INRA

perforated loop). formula.

The flow of digestive secretions (redox sensors). The following areas can be improved:

Rhythmic peristaltic pumps. e The addition of oral phase simulation.

Gastric emptying, sieving, and mass transfer e  Only basic stirring (propeller) is used in the stomach phase.

(Teflon membrane and StoRM® software). .

e Fundus exposed to air (open top).

Anaerobic condition (nitrogen purging).
TIM-1 Pre-set peristaltic valve pumps. Studies on macronutrients, fat- and water-soluble vitamins, minerals Institute of Food
simplified Rhythmic contractions for mixing (flexible walls in an<:! f.unctlonal compo.und.s. (such a§ probiotics, prebiotics, and Research (Norwich,

) ) antioxidants). Thanks to in silico modelling, TIM can further: UK)

model: water pressure);
Tiny-TIM pH monitors and controls. - Predict the glycaemic response curve and insulin response.
Large- Flow of digestive secretions and gastric emptying -'Stab.lllty and bioaccessibility of amino acids, water- and fat-soluble
. . ) . .\ vitamins (such as folate).
intestinal rates are programmable in variable conditions.
model: We digested products transit to two systems— The following areas can be improved :
TIM-2 semi-permeable membranes dialysis (water- e Considering the lack of intestinal mucosa, absorption needs to

soluble) and 50 nm filter (lipophilic products).

be examined in cell cultures or tissues.

e Bioavailability of functional compounds released from food
matrices can be predicted using in silico models
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SHIME® Peristaltic pumps in a drafted amount of The SHIME model is more applied in colon-region-specific research. Ghent University (Belgium)
nutritional medium. Thanks to modules and in silico modelling, it can further:
The flow of digestive secretions and pH are - Conduct dialysis
controllable using tailor-made software. - imitate conditions in host cells (HMI module with epithelial or
Stirring reactors are applied in duodenum, immune cells)
jejunum, and ileum compartments. The following areas can be improved:
Different reactors with faecal microbiota . . L
. . e Only basic stirrers mainly conduct mixing in the last three
inoculation.
compartments.
ESIN Flow of digestive secretions, pH, transit time, The ESIN modelis more applied to liquid foods and can be further used University of  Auvergne

and chyme mixing rates are controllable.

Different gastric emptying of solids and liquids
(piston movement and biphasic pumps)

to digest real-size food matrices. (Clermont-Ferrand, France)
The following areas can be improved:

e More applications and validation tests are necessary.
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2.6.1.3 Semi-dynamic digestion model

Semi-dynamic models usually have one main compartment (vessel) that simulates
the actual physiological conditions of one specific digestive phase. The other
digestion phases may be excluded or remain the same as the static approach. The
semi-dynamic gastric model was developed by the Institute of Food Research
(Norwich, UK) (Mulet-Cabero et al., 2017). This semi-dynamic model is simple to
manipulate and has developed dynamic simulation features such as gradual
acidification; it also imitates the gastric emptying process and the sequential
addition of gastric fluid and complex enzymes. Another advantage of this model is
that it allows image/video recording to study macrostructural changes during
digestion. There are some limitations to the compatibility of the process parameters

and sample loss during the manual and stepwise emptying.

Simulations of oral processes have proven instrumental in improving practical
knowledge of starch digestibility from the perspective of structural integrity
(Blanquet-Diot et al., 2021). This is evidenced by a dramatic reduction in the particle
size of solid food (e.g., whole rice grain) after chewing, as well as salivary a-amylase
remaining active in the human stomach (Van & Shorten., 2014; Wang et al., 2019).
Studies in normal and fine mastication cases would be helpful to assist in the

development and selection of foods and diet strategies that have low-Gl potential.

To conclude, static, dynamic and semi-dynamic in vitro digestion models offer
diverse methods to study digestion, including the digestive fate of food formulations
in verified circumstances. Furthermore, a series of analytical methods (such as
morphology, rheology, and spectrometry) and in silico modelling can consolidate
the insights of food digestion. However, the popularity of dynamic models is still
limited, and there is a need for a validation standard between different types of
these models before more widespread use. So far, cooperation platforms have been
introduced between different models (e.g., SATIN-Satiety Innovation project).
Other improvements for the models would be considering the frequency of food
ingestion, satiation signals, and food blockage (such as ileal brake) on the decrease
of food intake. Most of the in vitro models are based on in vivo data from healthy
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adults, and it would add more value if different age, gender, and health condition

groups were also considered.
2.6.2 Kinetic models for characterising starch digestion behaviour

In vitro digestion models provide a reproducible approach, reducing the need to
consider individual variations or ethical authorisation (Minekus et al., 2014). These
methods can be coupled with kinetic models to quantify the digestibility of starch
and determine its health impact (Hasjim et al., 2010). However, it is necessary to
couple in vitro digestion with an appropriate in vivo study to confirm the health

impact of digested starch.

Several kinetic models have been employed to characterise starch digestion
behaviour. One of the most widely used systems is Englyst's, a method which
classifies starch as rapidly digestible (within 20 mins), slowly digestible (20 - 120
mins), and resistant (not digested after 120 mins — end of the experiment time)
(Englyst et al., 1992). It must be noted that resistant starch can still be fermented in

the colon under physiological conditions, but it does not contribute to the Gl values.

Another method to predict Gl is based on the hydrolysis index (HI) of starch
digestibility, which is obtained by dividing the area under the hydrolysis curve of the
tested food between 0-120 mins or 0-180 mins with that of white bread (reference
food), as shown in Eq. 2.3.

AUCIO0g mple

I =
Aucgoreference
The predicted glycaemic index (pGl) is then calculated by placing the HI value into

x 100 (Eq.2.3)

Eqg. 2.4 (Goiii et al., 1997).

pGI = 39.71 + (0.549 x HI) (Eq.2.4)
Both methods may be limited to detecting and quantifying the changes in the
digestion rate when starch is part of complex foods (Hasjim et al., 2010; Man et al.,
2012). The HI method is less effective for revealing mechanistic details of
digestograms with multiple digestible fractions (Edwards et al., 2014). A way to
overcome this limitation is by using an improved first-order kinetics model, as shown

in Eq. 2.5.
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Ciy = Co + Cor(1 — e7¥) (Eq.2.5)
Where,
Cw) represents the quantity of ingested starch digested at the time
C- represents the potentially digestible starch fraction
k is the rate constant of the starch digestible fraction
tis the chosen time

A Logarithm of Slope (LoS) plot is obtained by expressing the first derivative of the
first-order equation in logarithmic form (Eq. 2.5) based on the description by
Edwards et al. (2014), as shown in Eq. 2.6.
In (%) = In(C,Kk) — kt (Eq. 2.6)

The slope of a digestibility curve through several time points was determined: the
slope was estimated from the digestion fraction (AC/ At), such as (C2 — C1)/(t2 — t1),
and the natural logarithms were plotted against the meantime, i.e., (t2 + t1)/2. This
gives a linear plot in which the values of digestibility constants, k and Ce, are

calculated from the slope (-k) and y-intercept In(Ck), respectively.

In the most practical starchy food models, the overall digestive process is not
“unified” as only one rate constant. From a LoS plot, the digestion process can be
described by two separate first-order reactions with different rate constants,
revealing the rapid-to-slow digestion rate phenomenon. This approach estimates
the rate constants (k) represented by the negative slope of each linear plot, and the

total starch digested (C-) is calculated from the y-axis intercept of the plot.

To avoid bias in identifying numerical derivatives, additional non-linear least squares
refinement may be required (Yu et al.,, 2018). In this model, only sequentially
digestible fractions of starch are considered. The slowly digestible phase begins only
after all the rapid-digestible fractions have been digested (Li et al., 2019). One typical
case is the starch digestion of pasta. The outer protective layer of pasta contains
fully gelatinised starch, which is digested more rapidly than the almost intact starch

in the centre zone (Zou et al., 2015). As described above, the digestion scenario is
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similar to that of intact rice grains, and the model showed good fitting in results

presented in Chapters 5 and 6 (R?>> 0.90).

A parallel first-order kinetic model is also suggested, considering starch systems
containing rapidly and slowly digestible starch (RDS and SDS), which will undergo
simultaneous degradation. (Li et al., 2019). In some cases, however, a digestion
system that combines parallel and sequential (CPS) patterns, referred to as "CPS
kinetics", is also considered, as shown in Fig. 2.7. The CPS kinetics were used in the
thesis to study digestion in a rice bolus (chewed mass before swallowing). This
model helps determine which digestion pattern (sequential, parallel, or CPS) occurs
in the rice bolus, which is crucial for investigating the relationship between

structural properties and starch digestive characteristics.

SR < S : SR @ SR
S ; S Ss | S @
@ @ @ Sk S
@ @ Combincztgn of

Sequential Parallel sequential and parallel

Fig. 2.7. Schematic illustration of the three possible starch digestion patterns
in a heterogeneous environment.The image is adapted from Li et al. (2020). (A)
sequential pattern, slowly digestible fraction (Ss) digested only after the rapid-
digestible fraction (Sr) has been digested. (B) parallel pattern. Ss and Sg are digested
simultaneously. (C) combination of sequential and parallel pattern. E: enzyme.

2.7 Recent trends in rice-based food design with a reduced Gl

potential
2.7.1 Rice varieties with slow starch digestibility

The microstructure characteristics of starch have been the subject of much research
over the past few decades (Section 2.3), leading to the development of strategies
for reducing the RDS in rice-based foods for improved health outcomes and
consumer satisfaction. Direct interventions include substituting white rice with low-

Gl alternatives such as brown rice or mixed grains. However, such alternatives are
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not widely accepted at the organoleptic level (Zhang et al., 2010; Mohan et al.,
2014). Several approaches to produce white rice varieties with slow starch
digestibility have also been explored, including transgenic engineering or precision
breeding of varieties high in protein and slowly digestible starch (Cai et al., 2018;
Jukanti et al., 2020; Shen et al., 2022), although these last two methods presented
trade-offs related to low yield and undesirable textural properties. Several chemical
and enzymatic modification approaches have also been used to increase the content

of SDS and RS, thereby decreasing the Gl value.

Chemical reagents such as esterification with octenyl succinic anhydride,
hydroxypropylation, acetylation, and phosphorylation/crosslinking have been
reported to significantly reduce the extent of enzyme-catalysed hydrolysis of rice
starch, increasing SDS and RS content (Miao et al., 2014; Cai et al., 2020). Single and
multiple enzyme-modified (such as B-amylase, transglucosidase, and pullulanase)
rice starch was shown to significantly increase SDS and RS content and reduce RDS
content and pGl (Li et al., 2020). The possible mechanism is to prevent the digestion
of modified starch by blocking enzyme access and forming atypical linkages resistant

to enzymatic cleavage.

Physical modification, such as parboiling (a hydrothermal treatment involving
soaking, steaming, and drying), is more practical and widely used in manufacturing;
it has been shown to reduce the Gl by nearly 30 % in the same variety of rice (Larsen
et al., 2000). Parboiling alters the starch and protein microstructure irreversibly,
forming a peripheral layer of the protein-starch matrices through the hydration of
the internal starch granules and their availability to enzymes. Moreover, adding
hydrocolloids, such as guar gum, gellan gum, xanthan gum, and carboxymethyl
cellulose, may reduce the Gl in rice through a similar mechanism to that occurring
during parboiling. These two methods could also be coupled, and their application

will be discussed in more detail in Section 2.7.3.
2.7.2 Imitating the food matrices to reduce starch digestibility

In the seeds of cereals and legumes, starch granules are surrounded by and

physically interact with a protein networks, which limits the accessibility of
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amylolytic enzymes to starch and reduces the rate of a-amylolysis (Dhital et al.,
2016; Bhattarai et al., 2018; Zhou et al., 2018). Imitation of these protein-starch
matrices has inspired researchers (academic and industry) to develop healthy foods
with low-Gl properties. Texturisation of rice starch with rice protein via extrusion
was used to imitate the natural protein-starch matrices in native rice grains (Ye et
al., 2019). The rice protein networks formed a hydrophobic physical barrier,
resistant to water adsorption and restricting granular swelling, leading to a dense
packing of encapsulated starches with high SDS content, which could be employed
as a food ingredient for glycaemic control. Moreover, rice starch conjugated with
several protein isolates (such as rice protein, zein) and their hydrolysates have been
used as food ingredients to formulate fortified rice flour, extruded rice grains, and

rice-based products with reduced starch digestion rate at the laboratory scale.

It should be noted, however, that the protein may lose its role as a structuring agent
and hierarchical barrier in the recomposed rice kernels to prevent enzymes from
hydrolysing starch granules. Rice protein is denatured during heated extrusion and
no longer appears as a network but as protein assemblies throughout the kernel.
The absence of protein-starch matrices makes functional rice more susceptible to

degradation during post-processing, such as washing, cooking, and chewing.

2.7.3 Providing low-Gl properties to white rice by structuring with

hydrocolloids - an example of low acyl gellan gum (LAGG)

Hydrocolloids, polysaccharides with a high molecular weight (especially those
obtained from plants, algae, or produced by microorganisms), have attracted
particular interest in the food industry (Culetu et al., 2021; Pirsa & Hafezi, 2023). As
well as serving as emulsifiers, gelling agents, and stabilisers, these substances also
have the ability to slow starch digestion by restricting enzyme access, thereby
reducing Gl. In the case of rice, Chung et al. (2007) firstly investigated the possibility
of slowing starch digestibility by cooking white rice with hydrocolloids, including
xanthan gum, guar gum, gellan gum, and sodium alginate. The results showed that
cooked rice with a minor number of commercial hydrocolloids (0.3 or 0.7%) has a
harder texture and slower starch digestibility. Hydrocolloids have been shown to
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slow the rice starch digestibility in either individual or combined forms, by
encapsulating starch particles, increasing particle size and weight, as well as
increasing viscosity, all of which result in a decreased enzyme accessibility and the
release of digested products (Sasaki & Kohyama, 2011; Chen et al., 2017; Ojo et al.,
2018).

Among the hydrocolloids evaluated, gellan gum had the greatest effect in reducing
the adhesiveness and increasing the SDS content of cooked rice. Several factors
contribute to decreased adhesiveness, including the formation of a gel-like matrix
with notable degrees of slippage and syneresis, providing a physical barrier to
adhesion (Whittaker et al., 1997). In addition, this property is advantageous in
reducing the digestibility of starch. The gellan gum gel coating itself is undigestible
and interferes with digestive enzyme access to the starch molecules. As starch
degradation into glucose becomes slow, a lower glycaemic index may result,
contributing to the maintenance of blood glucose homeostasis. (Osmatek et al.,
2014; Kanyuck et al., 2022). It has been observed, however, that encapsulation
properties are strongly dependent on strength of the gel network (such as polymer
concentration, gelling rate, and gelling strategy applied) and stability at different pH
levels and soaking times (Ogawa et al., 2006; Stevens et al., 2016). It is therefore
necessary to develop a deeper understanding of the gelling profile of gellan gum to

manipulate starch digestibility with its effects.

Gellan gum is a water-soluble, linear, and anionic microbial exopolysaccharide
produced by the bacterium Sphingomonas elodea, which was discovered in 1978.
Since then, gellan gum has gained increasing interest in applications due to its
physical properties and ease of production through low-cost industrial-scale
fermentation with high reproducibility, and it has been widely used in food products
as a texturing agent (Bradbeer et al., 2015). When broken down into its simplest
form, its tetrasaccharide unit consists of two glucose residues, one glucuronate
residue, and one rhamnose residue (Fig. 2.8). Its native form contains L-glyceryl and
acetyl with one glycerate and a half acetate group present per repeating

tetrasaccharide unit. A fermentation broth can be treated with hot alkali to remove
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both substituents, producing a low acyl gellan gum (Milivojevic et al., 2019; Sworn

& Stouby, 2021).
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Fig. 2.8. The molecular structure of (A) high acyl gellan gum and (B) low acyl gellan

gum. Adopted from Sworn & Stouby (2021).

As for the final application of gelling products, the high acyl gellan gum produces
soft, highly elastic and thermoreversible gels. The LAGG gels offer firm, stiff,
thermostable gels, making them ideal for hydrogel coatings that require integrity at

a temperature as that of the body (37 °C)

Using gellan gum as a food additive is widely accepted in the European Community
(under the number E 418), where the daily intake is not specified, and by the
American Food and Drug Administration (Code of Federal Regulations 172.665) as
safe (Younes et al., 2018; Alam et al., 2014; Palumbo et al., 2020). As shown in Fig
2.9, there are three steps involved in the gelation of a hydrogel coating. At low
temperatures (30°C), a LAGG dispersion forms an ordered helix of double strands,
and at higher temperatures (over 40°C), it forms single stranded coils, which
significantly reduces its viscosity. Upon cooling, the gel dispersion undergoes a
disorder-to-order transition and forms a stiff structure. Depending on the type of
cation present, either monovalent or divalent cations can help develop this
structural strength by crosslinking adjacent helices via COO-cation—COO- bridges
(salt bridges) (Moritaka et al., 1991; Huang et al., 2021).
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Fig. 2.9. A schematic illustration of how low acyl gellan gum undergoes
conformational transitions Gels with and without cations as temperature changes are
introduced. Adopted from Ferris et al. (2013)

In terms of decreasing Gl values, several pilot studies have explored self-structured
LAGG gels and gel-forming behaviours in the presence of rice starch in an acidic
environment such as the stomach (Tamura & Ogawa, 2012; Bradbeer et al., 2014;
Blanquet-Diot et al., 2021). The findings presented were promising as they
demonstrated that the gel had a high resistance to shear force and the capability to
increase viscosity at low pH. These characteristics make LAGG a potential option for
low-Gl and satiety-improving foods. Chung et al. (2007) performed the first study on
the texture and in vitro digestibility of white rice cooked with LAGG solutions (0.3
and 0.7 %). The results showed that LAGG had the highest impact on the firm texture
and SDS content in cooked rice among the six hydrocolloids (Xanthan gum, gellan
gum, sodium alginate, locust bean gum, guar gum, and Arabic gum) tested.
However, limited information was provided on the potential mechanism responsible
for these results. The stability of LAGG hydrogels and their encapsulating strength
of starch granules are also unknown as they transit through the digestion stages.
Predicting the encapsulation properties of LAGG would provide the required

knowledge to formulate and process reduced Gl rice-based foods.
2.8 Summary of literature review

This chapter reviewed the literature related to white rice starch digestibility and its
respective health impact, together with quantification methods of the Gl and

solutions explored to decrease it.
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The relationship between health and diet is strict. The negative health impact of
high-carbohydrate diets and the importance of Gl as a health predictor for foods
have been extensively covered in the literature. Several in vivo and in vitro digestion
methods to study the impact of foods on health have been developed; however,
they have been partially unsuccessful due to the high complexity of human
physiological conditions and microstructural changes in food. During digestion, the
food matrices disintegrate, i.e., there is a decrease in the structural organisation
from the macroscopic to a nanoscopic level of the hierarchical structure at the end
of the digestion process. The fashion by which structural disintegration occurs is
essential as this ultimately affects the enzyme accessibility and digestion of
nutrients. To the best of this thesis author’s knowledge, there is still a gap in the
literature relating food digestibility to the progressive disintegration of the food
matrices; therefore, part of this thesis aims to build knowledge about this

relationship.

An aspect of structural disintegration is starch hydrolysis and the related increase in
Gl, which has been studied by several authors with both in vitro and in vivo digestion
models. Studying the literature about this area of research has been important for
designing a suitable digestion model for the rice samples studied in this thesis.
Solutions to decrease starch digestibility in rice, e.g. by imitating the structure of rice
type with low-Gl properties, use of hydrocolloids, and potential techniques to
develop rice-based formulation with reduced Gl, have been proposed by several
researchers. Understanding previous research has been a good starting point for
understanding the mechanisms characterising low-Gl food manufacturing and

proposing potential future innovations.
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3 Materials and methods

3.1 Materials: sample selection

Six white rice types commercially available in local supermarkets (Nottingham, UK),
2 of which with high-, 2 with medium-, and 2 with low-glycaemic index (Gl) (Tab.
3.1), were initially chosen as they are commonly consumed in the UK, therefore
having a relevant contribution on regulating glucose homeostasis daily. Among

these 6, the ones with the highest Gl and the lowest Gl were selected.

The mean of macronutrient (carbohydrates, proteins, fat, fibre) values listed on the
nutrition labels of rice of the same type but of different brands were used as the key
nutritional factors associated with the Gl (Tab. 3.1). Gl values reported in this study

referred to the international table for GI (Atkinson et al., 2021).

Among the four nutrition components (i.e., carbohydrate, protein, fat, fibre),
carbohydrate and protein were identified through principal component analysis
(PCA) to be directly responsible for the difference in rice Gl values (as shown in Fig.
3.1). The carbohydrate (specifically starch) positively correlated with rice Gl values,
whereas protein negatively correlated with rice Gl values; fibre and lipid had an
intermediate correlation. Regarding the two selected white rice types, both Oryza
sativa indica, the high-Gl (89) type was Thai Jasmine rice (JR, Green Dragon Thai
Hom Mali Aaa, purchase date December 2018; no parboiling involved in the
manufacturing process), whereas the low-Gl (47) type was easy-cook long grain rice,

also called parboiled rice (PR), purchase date January 2019.
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Fig. 3.1. PCA scores and loading plots of GI and main nutrient
contents of the six white rice types. The main nutrients are
carbohydrates, protein, fat, and fibre. Kaiser-Meyer-Olkin test results
are between 0.5 and 1 (0.507), suggesting that the sample quantity is
sufficiently high for the analysis. The spherical test results were
significant (p < 0.05), meaning there was a reasonable correlation
between variables to apply a dimension reduction.
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Tab. 3.1. Nutritional information (as listed on the food label) and Gl of the six commercial white rice types. All values were reported for 100 g of raw
rice.

CR ARR BR PR JR SSR
Energy 347.8+2.7° 349.9+2.1° 354.8+6.1° 352.3+0.5° 351.8+5.2° 357.0+9.9°
Fat 1.0+0.1° 1.0+0.1° 1.1+0.5° 1.2+0.5° 1.2+0.6° 0.9+0.2°
Carbohydrates 79.3+0.8° 77.5+1.1° 78.7 £3.4° 76.8 £0.6° 80.5+2.3° 79.4 £0.9°
Of which starch © 77.8+£0.8° 76.3+0.9° 77.4+1.9° 75.2£0.6° 79.4+1.3° 77.9+0.8°
Fibre 1.5+0.8° 1.2+0.7° 1.3+0.8° 1.6+0.1° 1.1+0.3° 1.5+0.8°
Protein 6.7 +0.1° 7.3+0.3% 7.7+0.3° 7.8+0.2° 6.9+0.2° 6.4+0.1°
Gl 83 +13% 69 + 7 55+ 10" 47 +6°" 89+ 6% 70 + 6

For each rice type, values are reported as mean + standard deviation (S.D.) of different commercially available brands. Values in the same row with different
superscripts are significantly different from each other (p < 0.05). CR (Calrose rice; a paella rice type) - brands: Sunrice, Botan, Sunwhite. ARR (Arborio risotto
rice) - brands: Easy C, Morrisons, Coop, Marks & Spencer. BR (Basmati rice) - brands: Ocado Tilda, Laila, Marks & Spencer. PR (Parboiled rice) — brands: Tesco,
Tollyboy Tilda, Laila. JR (Jasmine rice) - brands: Tesco Thai Hom Mali, Mali Thai, Tilda, Royal Umbrella, Green Dragon. SSR (Sushi rice) - brands: Tesco Yutaka,
Biona, Marks & Spencer. Spanish paella rice, short-grain white rice sold in the UK, was not included in the study as no information is available regarding the
rice variety used. It is known that Bomba rice is one of the most common paella rice varieties; however, to the best of our knowledge, only in vitro Gl results
have been reported. Thus, the present study does not include this white rice type.

Symbol * A measurement of the Gl was conducted in the UK (Ranawana et al., 2009).
Symbol ** Values from the international table of Gl and GL for 2021 (Atkinson et al., 2021).
Symbol ® Total starch estimated by subtracting the fibre from the total carbohydrate.



3.2 Sample preparation
3.2.1 Rice flour production and respective starch isolation

Samples (100 g) of the two selected rice types, JR and PR, were rinsed three times
with distilled water and dried at ambient temperature for 1 h on 500 um sieves to
prepare rice flour. The grains were then ground into flour by using an electrical
grinder (KG49, Delonghi, Treviso, Italy) and then passed through a sieve with a mesh
size of 500 um to discard the particles over 500 um (Zhu et al., 2020). The protein
and starch separation process from the rice flour is shown in Fig 3.2. Proteins were
first extracted under alkaline conditions, as in De Souza et al. (2016). In brief, rice
flour was steeped at 30°C for 1 h with sodium hydroxide (NaOH) solution (0.18 %,
w/v) to allow protein bodies to be effectively removed with minimal disruption of
starch granules (Daiana et al., 2016). Upon centrifugation (4000 rpm, 15 mins), the
supernatant (protein-rich fractions) was carefully removed for protein precipitation.
The starch-rich pellets were washed with 125 mL0.18 % NaOH and again centrifuged
(4000 rpm, 15 mins). This washing extract was combined with the protein extract
obtained previously. The starchy residue was then re-suspended in distilled water
(1:1, w/v), neutralised (pH 7.0) with ~30 mL of 0.1 M HCI and dried in a convection
oven (MOV-112F, Sanyo, Japan) at 30°C for 36 hs (until constant weight).

Protein precipitation was achieved by adding 0.1 M HCl to the collected supernatant
to reach the protein isoelectric point (pH 4.8). After centrifugation (4000 rpm, 15
mins), the protein extract was neutralised with 0.1 M NaOH and dried at 30°C for 24
hs.
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Fig. 3.2. Flowchart of the starch and protein separation process from rice flour

used in this study.

3.2.2 Morphological properties of rice flour and starch
The morphological differences (size and shape) between JR and PR flours and the
respective starches (JRS and PRS) were observed using the method by Chakraborty
et al. (2020). This method utilised an Eclipse Ci microscope (Nikon Instruments Inc.,
Surrey, UK) equipped with a digital camera (Nikon digital Sight DS-Fi2 camera). The
crystalline state (represented by the Maltese cross pattern) was observed under
polarised light mode. The Maltese cross is an interference pattern observed in native

starch under polarised light due to its ordered, birefringent crystalline structure.
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Starch loses its ordered structure following gelatinisation or hydrolysis, thereby its
birefringence property. The granule size distribution of JR and PR flours, JRS and PRS
was measured using a laser diffraction particle size analyser (LS 13 320, powder
system module, Beckman Coulter, Inc., Buckinghamshire, UK). The mean diameter
(um) was reported as an average of triplicate measurements, each measurement

from a different sample.
3.3 Physicochemical properties

3.3.1 Pasting properties measured with Rapid Visco Analyser (RVA)

The term “pasting properties” refers to the structural changes occurring in rice
samples undergoing a hydrothermal treatment (application of heat in the presence
of water) under constant stirring. Structural changes, such as starch swelling and
disintegration or the development of a viscose mixture called paste, can alter the
viscosity of rice samples. Such viscosity changes could be used as an indicator of the
physical behaviour of rice during cooking. A typical RVA experimental curve, with

the different thermal transitions occurring in rice flour, is shown in Fig 3.3.

Pasting properties are important factors for determining the texture and in vitro
digestibility of cooked rice (lwe et al., 2016; Farooq et al., 2021). In this study, the
pasting properties of rice samples were examined using an RVA (RVA 4800,
PerkinElmer, Buckinghamshire, UK) according to the approved AACC method 61-02
(AACC, 2001). In brief, 3 g of JR or PR (water content 8 %, w/w) were added into an
aluminium canister containing 25 g of distilled water, or a dispersion of 0.03, 0.06,
or 0.09 g low acyl gellan gum (LAGG) powder in distilled water (these percentages
correspond to 1, 2, and 3 % of rice mass, respectively). The JR and PR flour
dispersions had a total starch concentration of 8.75 % and 8.54 % (w/w),
respectively. To compare the pasting performance in the absence of proteins
(contained in rice flour), dispersions at 0 % LAGG were also produced with JRS and
PRS (dry starch basis) to the same starch concentration as that in the respective

flours. The RVA test of LAGG-water dispersions (without a rice sample) was also
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performed. All the dispersion was stirred manually in the canister using a plastic

spatula before starting the RVA run.
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Fig. 3.3. Pasting profile of rice measured using the standard American Association
of Cereal Chemists (AACC) method. Image adapted from Balet et al. (2019). PV: peak
viscosity, BD: breakdown viscosity, SB: setback viscosity, FV: final viscosity, Tp: peak
temperature.

The RVA programme consisted of stirring the sample at 960 rpm for the first 10 s to
help homogenise the sample, then at 160 rpm for the remaining part of the
procedure. The RVA temperature programme was the following: equilibration at
50°C for 1 min 30 s, heating to 95°C at 12°C/min for 3 min 45 s, holding at 95°C for
2 min 30 s, cooling to 50°C at 12°C/min for 3 min 45 s, holding at 50°C for 1 min. For
the pasting properties analysis, the peak viscosity (PV, the maximum viscosity
obtained during heating), breakdown viscosity (BD, the degree of disintegration of
the granules), final viscosity (FV, viscosity at the end of the run), setback viscosity
(SB, the difference between peak and final viscosity), time to peak viscosity (Time),
peak temperature (the temperature of the viscosity peak due to starch granule

swelling upon the absorption of water) were measured by Thermocline for Windows
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software (version 3) supplied with the instrument. All measurements were

performed in triplicate.

3.3.2 Thermal properties of rice measured by Differential Scanning

Calorimetry (DSC)

The “thermal properties” of rice are related to its ability to conduct heat during the
cooking process and are determined by the physicochemical and microstructural

characteristics of the grain (Zhu et al., 2020).

Gelatinisation occurs during the cooking process when rice starch is heated in water,
and the highly organised structure is disrupted. Upon cooling down to edible
temperatures, rice starch undergoes short-term retrogradation, which refers to a
process of recrystallisation or reassembly of disaggregated amylose and
amylopectin molecules in gelatinised starches (Yan et al., 2021; Yashini et al., 2022;
Sahoo et al., 2023). Structural transformations such as starch swelling, melting of
crystalline structures, and dissolution of starch molecules involve energy and mass
exchange, which can be identified as changes in the heat flow using thermo-

analytical techniques such as DSC.

This technique measures the heat flow changes and temperature at which these
changes occur when a sample is heated, cooled, or held isothermally for a given
amount of time. The DSC instrument consists of two cells, which host two crucibles
(or pans), one for the studied sample and one for a reference sample; the reference
crucible is usually empty or filled with an inert solvent like water. The heat capacity
of the reference is usually known and defined over the whole scanned temperature
range (Pungor, 1994). In this thesis, a TGA/DSC 3+ (Mettler Toledo, Leicester, UK)
was used. The instrument measures the difference between the heat flow from the
sample and the reference, as a function of temperature or time, for both materials
to remain at the same temperature upon heating or cooling. The differential heat
flow between the sample and reference is used to identify and quantify the sample's

physical transformations (e.g., phase transitions) (Usmani et al., 2017).
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Upon changing the temperature of both cells, thermally-induced processes in the
sample lead to heat being absorbed (endothermic transition) or released
(exothermic transition), resulting in a change in the differential heat flow that is
recorded as a peak. The direction of the thermal transition, whether endothermic
or exothermic and the area under the curve are directly proportional to the enthalpy

change.

Exothermic and endothermic transitions are identified by peaks with opposite
orientations, either positive (oriented upwards) or negative (oriented downwards).
Phase transition (exothermic or endothermic) and corresponding peak orientation
depend on the machine. In this thesis, exothermic transitions are identified by
negative peaks, whereas endothermic transitions are by positive peaks. A typical
DSC experimental curve showing the different thermal transition processes

observed in rice starch is shown in Fig 3.4.
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Fig. 3.4. Working mechanism of a DSC instrument. It is adopted from Chakraborty et
al. (2022). Right-hand side panel: typical gelatinisation curve of JRS (result from this study
reported in Chapter 4). Transition temperatures: onset temperature (To), peak
temperature (Tp), conclusion temperature (Tc).
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The thermal properties of the rice samples were determined using the method
described by Zhu et al. (2019). To simulate the cooking conditions described in
Section 3.4, 10 mg of rice flour or rice starch were mixed with 15 ulL of water (rice-
to-water ratio of 1:1.5) or LAGG dispersions containing 0.1, 0.2, or 0.3 mg of LAGG
(these values correspond to 1, 2, and 3 % of rice mass, respectively), placed into 40
uL stainless-steel pans, and processed in the DSC with the same thermal programme
as that employed for cooking the rice. Specifically, the samples were heated from
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30°C to 120°C at 10°C/min, held at 120°C for 15 mins, and cooled at 20°C/min to

60°C, an edible temperature for freshly cooked rice (Yau & Huang, 1996).

The transition temperatures reported were the onset temperature (To), peak
temperature (Tp), and conclusion temperature (T¢). The enthalpy changes on phase
transition (AH), expressed as J/g of dry starch, were estimated using the equipped
star® software (Mettler Toledo, Leicester, UK) by integrating the area between the

thermograms and a baseline under the peak.
3.3.3 Hydration properties of rice

The term “hydration properties” of rice refers to how rice uptakes and holds water
molecules due to the interaction with the grain components, which in turn can
damage or disrupt the grain structure, resulting in particle leakage during the
cooking process. Since rice hydration is affected by its components and associated
structures, differences in hydration properties between rice types can also be
related to cooked rice texture and in vitro digestibility (Farooq et al., 2018;
Boonmeejoy et al., 2019). Hydration behaviour was determined using the swelling
power (SP) and water solubility index (WSI) using the method of Farooq et al. (2018).
In brief, rice flour (1 g, dry basis) or rice starch (amount corresponding to 1 g of flour,
dry basis; Chapter 3, Section 3.1) was cooked in 10 mL of distilled water (control) or
dispersions containing 10, 20, or 30 mg LAGG (these percentages correspond to 1,
2, and 3 % of rice mass, respectively), at 95°C for 30 min. Measurements were

performed in triplicate.

Once cooled to room temperature, the samples were centrifuged at 4000 rpm for
15 mins. The supernatant, containing the soluble fraction, was carefully decanted
into pre-weighed glass dishes and dried at 105°C until constant weight. The WSI was
calculated using Eq.3.1, expressed in % of the dry sample. The residue after

centrifuging was weighed for SP determination using Eq.3.2.

WSI = % x 100 % (Eq.3.1)
SP = th x 100 % (Eq.3.2)

-Wr

Where:
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W: represents the mass of the wet residues
W, the mass remained after drying the supernatant

W the initial sample mass (g, dry solid basis)
3.4 Rice cooking method

It has been revealed that the microstructure and texture characteristics of rice can
differ significantly between preparation methods (such as pre-soaking and
parboiling) (Wu et al., 2021; Shen et al., 2022), as well as cooking methods (such as
electric cookers, pressure cookers, stovetop or microwaves) (Chmiel et al., 2018; Ha
et al., 2022) . In rice kernels, these effects result in varying degrees of disruption to
starch structure and compression protein networks, affecting sensory experience
and starch digestibility (in vivo and in vitro) (Chiu & Stewart, 2013; Boers et al., 2015;
Van et al., 2020; Sivakamasundari et al., 2022; Bagchi et al., 2023).

Rice was cooked according to the manufacturer’s instructions and previous studies
(Chatthongpisut et al., 2015; Liu et al., 2019). A 100 g aliquot of pre-washed rice (JR
or PR) was cooked in a rice cooker (NEDIS, KarcO6wt-power 300w, Leicester, UK)
with 150 g of distilled water (1:1.5 rice-to-water ratio, w/w) for approximately 15
mins (until no excess water was present). The cooked rice was then kept in the rice
cooker in warm mode (65-70°C) for 10 mins to fully gelatinise the starch, as
determined by visual inspection (no white core in the cooked rice kernels). To do so,
randomly selected grains were placed between two microscope slides and
squeezed. Cooked grains did not resist deformation under applied force, and no

white core could be observed.

JR or PR (100 g) were also cooked in 150 g of distilled water containing 1, 2, or3 g
of LAGG (these percentages correspond to 1, 2, and 3 % of rice mass, respectively)
previously dispersed. Samples containing 1, 2, or 3 g of LAGG were coded as JR_1LA,
JR_2LAandJR_3LAforJRand PR_1LA, PR_2LA and PR_3LA for PR for all experiments

in this thesis.
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3.5 Proximate composition analysis

Proximate analysis was used to determine the composition of cooked rice (Chapters
4, 5, and 6) and cooked orzo (Chapter 7). The moisture content was determined
using the standard method 934.01 published by the Association of Official
Agricultural Chemists (AOAC); the samples were placed in pre-weighed aluminium
trays and dried in an oven (MOV-112F, Sanyo, Japan) at 105°C for 24 h (until
constant weight). The moisture content was calculated as the difference between
the sample weight before and after drying (AOAC, 2005a). A portion of the cooked
sample was then lyophilised, ground, and sifted into flour (particles < 500 um) for
chemical composition analysis. The crude protein content was calculated from the
nitrogen content of the ground sample according to AOAC 930.29 using a nitrogen-
to-protein conversion factor of 5.95 (AOAC, 2005b). The total starch content in the
ground samples was measured using the official method 996.11 published by AOAC
(2007) with a total starch assay kit (a-amylase/amyloglucosidase) (K-TSTA,
Megazyme International Ireland). Briefly, in this method, the starch was first
solubilised to maltodextrins in the presence of a thermostable a-amylase, followed
by hydrolysis of maltodextrins to glucose by amyloglucosidase. The produced

glucose was quantified using a glucose oxidase/peroxidase reagent.

The apparent amylose content of the ground sample was determined using the
iodometric method described by Tamura et al. (2014). The ground sample (50 mg)
was initially defatted in a 15 mL conical centrifuge tube with 500 uL of 95 % ethanol.
Then, 4.5 mL of 1 M NaOH was added, and the tube containing the mix was heated
in a boiling water bath for 10 mins to allow amylose to leach out and disperse
(Bahdanovich et al., 2022). The total mix volume was adjusted to 10 mL using
distilled water. A “blank” with solutions but no sample was also prepared. A 500 ulL
aliquot of the solution was transferred to another 15 mL tube, diluted with 2 mL
distilled water, and neutralised with 500 uL 1 M acetic acid. Subsequently, 1 mL of
0.2 % fresh prepared iodine solution (0.2 g iodine and 2.0 g potassium iodide diluted
to 100 mL with distilled water) was added to form the amylose-iodine complex. This

final solution was allowed to sit for 10 mins at 30°C to develop colour, and
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absorbance was subsequently measured at 620 nm using a UV-visible
spectrophotometer (Evolution™ 60S, ThermoFisher, paisley, UK). Potato amylose
(A0512, Sigma-Aldrich) was used as the standard material for amylose
measurement. A portion of uncooked rice grain and extracted starch was also
lyophilised, ground, and sieved to powder to determine the effect of lyophilisation
on the composition of raw rice flour and starch. No significant difference in
composition was identified in samples with or without lyophilisation. All analyses

were performed in triplicate.

Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE, 12 %
separating gel and 4 % stacking gel) was used for determining the protein profiles,
according to the method described by Laemmli et al. (1970). The powdered samples
were solubilised in 1x volume of reducing sample buffer (#1610737, 62.5 mM Tris-
HCI (pH 6.8), 25 % of glycerol, 2 % of SDS, 5 % of B-mercaptoethanol, 0.01 % of
bromophenol blue). Then, the mixture was heated at 95°C for 5 mins. Using the
same procedure but without 2-ME, samples were prepared for SDS-PAGE under
non-reducing conditions. Using Coomassie Brilliant Blue R-250 (0.05 %) in
methanol/acetic acid/water (25:10:65, v/v/v), the gels were stained and then

destained in a methanol-water solution containing 10 % acetic acid (1:1:8, v/v/v).
3.6 Microstructural properties

3.6.1 Fourier Transform Infrared Spectroscopy (FTIR)

FTIR is a spectroscopic technique which uses infrared light, mostly the mid-IR region
(4000 to 400 cm), to analyse the chemical properties of several categories of
compounds. These mid-IR region radiations correspond to the vibration frequencies
of bonds within functional groups of organic molecules; the molecules absorb those
radiations, and the absorbed energy is then released under the form of vibration
with increased amplitude (Doyle, 1992). FTIR is a powerful technique used to detect
intra- and inter-molecular organisation and interaction among polymers, including
rice protein and starch (Guerrero et al., 2014; Frederick et al., 2016; Ying et al.,

2017). FTIR is usually combined with X-ray diffraction (XRD) to study the crystalline
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structure of molecules such as starch. For starch analysis, FTIR mainly detects the C-
OH bending and CH»-related modes of the a-D-glucopyranose ring in the spectral
range between 1050 and 950 cm?, referred to the short-range order structures of
the double-helix (van Soest et al., 1995). For protein analysis, FTIR detects the
characteristic bands in the amide | region (1700 to 1600 cm™*) mainly associated with
the C=0 stretching vibration, directly related to the backbone conformation of the

peptide group (Guerrero et al., 2014; Chavez-Murillo et al., 2018).

IR spectra patterns of samples were analysed using a Bruker Tensor 27 FTIR
spectrometer equipped with an attenuated total reflectance accessory (Graseby-
Space Ltd, Orpington, UK), following the method reported by Garcia-Valle et al.
(2021). The FTIR spectra were recorded over the wavenumber range of 4000 to 400

cm?

; 128 full spectrum scans were performed, each scan at 4 cm™ spectral
resolution against an empty (air) background reading at room temperature. Four
tests were performed for each sample. The collected sample spectra were analysed
after considering the background and normalising frequency and scale with OMNIC
6.2 software (Thermos Electron Corporation, Madison, WI, USA) for the peak
deconvolution process. The B-sheet (1615-1637 cm™ and 1682-1700 cm™), random
coil (1637-1645 cm™), a-helix (1646-1664 cm™) and B-turn (1665-1681 cm™) were

estimated from the amide | region (1700 to 1600 cm™) according to previous studies

(Ellepola et al., 2005; Ying et al., 2017; Fetouhi et al., 2019).

Molecular organisations of starch (including hydrated, amorphous, and ordered
structures) were determined from the fingerprint region of polysaccharides
(wavenumber 1070 to 950 cm™) (Pozo et al., 2018). The water-bound state was
assessed from the OH-vibration bonding regions between 3600 and 3100 cm

(Garcia-Valle et al., 2021).

The peak resolution and curve-fitting were performed as follows: peaks of each
fingerprint region were first treated by Fourier self-deconvolution and then curve-
fitted using the Gauss-Lorentz formula with the OMNIC Peak Resolve analysis
software. The area corresponding to each secondary structure was calculated
accordingly and expressed as a percentage of the sum of areas.
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3.6.2 X-ray diffraction (XRD)

XRD is a diffraction-based technique essential to assess and quantify starch long-
range crystalline order, which is related to the packing of the double helices in the
crystalline domains. The XRD measurements of samples were carried out using an
Advance Bruker AXS powder-diffractometer (D8, Bruker AXS, UK) with a Cu-Ka
radiation source (A =0.154 nm) running at 40 kV and 25 mA, following the setting
described by Choi et al. (2022). A scanning cycle of the diffraction angle (26) was

conducted from 4° to 45° with a step size of 0.02° at a speed of 2°/min.

A two-phase model is typically used to estimate crystalline order in starch, in which
an amorphous halo is subtracted from the ordered parts of the scattering pattern
and the ratio of the two phases is used to estimate crystallinity (Wang et al., 2017).
It was analysed using the DIFFRAC plus EVA® software equipped within the XRD
instrument. The linear baseline correction was applied to the data points of the
selected region, and the intensity was normalised between 0 and 1 of arbitrary units

(A.U.)
3.6.3 Morphological observations
3.6.3.1 Labelling of LAGG for fluorescence microscopy

Labelling is a type of staining technique that facilitates the detection of specific
molecules with fluorescence and confocal microscopy. In this study, labelling was
used to observe (labelled) LAGG penetration within rice grains. LAGG was covalently
labelled with 5-(4,6-dichlorotriazinyl) aminofluorescein (DTAF) following the
procedure described by Khin et al. (2021). In brief, 50 mL of a 20 mg/mL LAGG
aqueous dispersion was mixed with 1 mL of 5-DTAF Stock dimethyl sulfoxide (20
mM) solution, followed by a dropwise addition of 15 mL of 10 % (w/v) NaSOa
solution. The mix was adjusted to pH 10 using 1 M NaOH and then allowed to stand
at 60°C for 2 hours under continuous stirring. At the end of this period, the reaction
was quenched with 200 mL of absolute ethanol. The unbound 5-DTAF was washed
under vacuum with 0.055M sodium acetate (pH 5.4)/ethanol (1:2 ratio, w/w)

solution through a Buchner funnel fitted with a 0.45 um PTFE membrane until the
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yellow colour on the filter paper disappeared. Afterwards, the precipitate was
freeze-dried overnight, and the labelled LAGG was stored in an airtight container,
covered with aluminium foil, in the dark at room temperature for further use. For
labelling, rice was cooked with DTAF-LAGG with the same procedure adopted with
native LAGG and described in Section 3.4. The distribution of DTAF-LAGG in rice
matrices was visualised using EVOS™ FL microscope with 488 nm excitation

wavelength (Aex) and 517 nm emission wavelengths (Aem).
3.6.3.2 Light microscopy

The morphological properties of the protein-starch matrices within cooked samples
(reported in Chapters 4, 5, 6, and 7) were observed using an Eclipse Ci microscope
(Nikon Instruments Inc., Surrey, UK) equipped with a Nikon digital Sight DS-Fi2
camera. Sample slides were prepared based on the method described by Tamura et
al. (2016). The cooked samples were exposed to optimum cryo-microtomy
embedding medium and cut to 60 um thickness cross-sections with a microtome
(Leica CM 3050s, Leica Microsystems, Milton Keynes, UK). Cross-sections were
mounted on gelatine-coated microscope slides, stained with an aqueous solution of
0.1 % fast green FCF acetic acid (1 %) for protein detection, washed with distilled
water and stained with Lugol's solution (62650, Sigma-Aldrich, 1:10 dilution) for
starch detection. Due to electrostatic bonding between the amino acid side chains
and the fast green molecules, protein bodies appeared with a green colour (Steglich
et al., 2014), whereas starch appeared blue/purple due to the formation of an

amylose/amylopectin-iodine complex (Liu et al., 2009).
3.6.3.3 Environmental scanning electron microscopy (ESEM)

The surface and internal morphology of samples were measured with an ESEM (FEI
Quanta 650 with X-Max-150 EDX Detector) equipped with a gaseous secondary
electron detector, following the method described by Dang & Copeland (2004). In
brief, working conditions were 10 kV accelerating voltage, 1 torr chamber pressure,
and the initial working distance was 10 mm. Before imaging, samples were fixed on

conductive adhesive tape and were observed at a magnification of 1000x.
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3.7 Textural properties

The textural profiles of the freshly cooked sample were evaluated using a texture
analyser (TA-XT2, Stable Microsystem, Surrey, England) according to the method
described by Boluda-Aguilar et al. (2013). A 2 g aliquot of cooked sample was
arranged in a single layer from the centre of the plate to cover an area greater than
35 mm in diameter (circular area of the cylinder applied). The samples were
compressed to 75 % of their original thickness by two compression cycles conducted
using a stainless-steel cylindrical probe with a diameter of 35 mm and a testing
speed of 1 mm/s. The texture profile analysis (TPA) force-time curves determined
hardness, adhesiveness, cohesiveness, and chewiness using the Texture Export for
Windows software (Stable. Micro Systems, Godalming, UK). Ten technical replicates
(compression tests from the same batch of cooked samples) per sample were

performed, and the corresponding results were expressed as an average value.
3.8 Invitro digestion models

3.8.1 Simulated digestion fluid preparation.

The simulated salivary fluid (SSF), simulated gastric fluid (SGF), and simulated
intestinal fluid (SIF) formulations are detailed in Tab. 3.2. Each simulated fluid was

prepared as a 1.25X concentrated stock solution (400 mL).

Tab. 3.2. Simulated fluid formulations (stocks, 1.25X concentration).

Volume (mL)
SSF (1.25X stock) SGF (1.25X stock)  SIF (1.25X stock)

KCI (0.5M) 15.1 6.9 6.8
KH.PO, (0.5M) 3.7 0.9 0.8
NaHCOs (1M) 6.8 12.5 42.5
NaCl (2M) - 11.8 9.6
MgCl>(H,0)s (0.15M) 0.5 0.4 1.1
(NH4),COs (0.5M) 0.06 0.5 -
~3. j ~2.1 adj
Hl (2M) ~0.3 adjust pH to 7 3.9 adjust pH to ; adjust pH to
MilliQ® water to 400 mL to 400 mL to 400 mL

The solutions were stored at 4°C and used within a week from the day of production.
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3.8.2 Oral phase
3.8.2.1 Invitro oral processing and digestion

In this thesis, three types of oral process conditions were applied to simulate only
swallowing, normal, and fine in vivo oral digestion patterns, according to the method
adopted in previous works (Moongngarm et al.,, 2012; Furuya et al., 2014). To
simulate normal and fine oral processing, 120 g of freshly cooked samples were
homogenised in a household blender (HB605, Kenwood, Havant, UK) for 10 s or 20
s, respectively. The following in vitro digestion step was conducted based on the
method described by Fernandes et al. (2020). In brief, 10 g of the non-homogenised
(only swallowing, 0 s homogenisation) or homogenised (10 s, 20 s) rice samples were
placed in 50 mL conical tubes, followed by the addition of 10 mL of SSF with salivary
a-amylase to achieve an activity of 75 U/mLin the digestion mixture. The mixture
was incubated for 2 mins at 37°C under constant rotation (50 rpm) in a tube rotator
(Fisherbrand™, Thermo Scientific, Hemel Hempstead, UK), then 20 mL of Na,COs

(0.3 M) solution was added to the digested mass to stop amylase activity.
3.8.2.2 Granulometry distribution analysis after in vitro oral digestion

The granulometry distribution of the sample following in vitro oral digestion (Section
3.8.2.1) was analysed based on the method described by Ranawana et al. (2010). In
brief, the digested samples were held in an incubation chamber at 37°C undisturbed
for 10 mins to allow residues to sediment. Following filtration through a Buchner
funnel, the separated solid particles were carefully removed from the filter paper
and oven-dried for 12 h at 70°C until the weight remained constant. Meanwhile, the

liquid filtrate was collected for analysis of the digested starch.

The dry residue was weighed once cooled to room temperature and then
fractionated using a control sieve shaker (Retsch AS-200, Verder Scientific,
Derbyshire, UK) with a vibration height of 0.5 mm for 1 min. The four equipped test
sieves (DEBUYER, France) were stacked in descending size order as follows: 2.0 mm,

1.0 mm, 0.5 mm, 0.25 mm, and the base pan. The fractions from each sieve were
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carefully collected and weighed. The granulometry distribution was calculated

through Eq.3.3.

Y R, (%)=Y. ZMD;‘ x 100 % (Eq.3.3)

Where:

M, is the mass (g) of the fraction retained on each sieve (M1, M2, M3, M4) and

pan (Mp);
M, is the total mass (g) of grain fractions: M1+ My +...+ My;
ZRnis the cumulative per cent (%) of mass retained.

The weight loss caused by the particles entrapped within the meshes was
negligible.
3.8.3 Rice bolus disintegration
To demonstrate the physical integrity loss of rice bolus in an acidic environment (pH

3), a bolus disintegration experiment was conducted (Fig 3.5).
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Fig. 3.5. Schematic of bolus disintegration model.
Following 20 s homogenisation of cooked rice (Section 3.8.2.13.8.2) and mixing with

SSF (1:1, w/w) without salivary amylase, 7 g of this mixture was fixed into a spherical
mould (radius = 1 cm, time 0), then a hanger wire was attached to the centre of the
spherical bolus. The hung bolus was positioned at the centre of a 500 mL glass cube
chamber with a black background. The disintegration process was captured using a

Canon digital single-lens reflex 5D, with a 24-100 mm lens and 31 mm macro lens
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extender, a high-resolution camera and proper lighting equipment. All experiments
were conducted in the same setting and position. Using a tube-connected syringe,
500 mL of SGF pH 3 was gradually added to the chamber to impregnate the bolus
sample. The camera recorded the disintegration process of the bolus for 30 mins,
starting (time 0) when SGF reached the bottom of the bolus. The video was then
converted into frames, and a graph of the bolus radius versus time was produced
using Matlab (Matlab® 2023a, MathWorks Inc.). The bolus sphere radius at time 0

was normalised to 1 cm.
3.8.4 Static in vitro digestion model
3.8.4.1 Model setting

Working solutions were prepared immediately before performing the digestion
experiments. A description of one in vitro digestion set, including the electrolyte

fluid, is shown in Tab. 3.3.

For the preparation of the working solutions, the 1.25X stock solutions were diluted
with MilliQ® water to the final volume after adding CaClz(H20)2 0.3 M (volumes in
Tab. 3.3). The working solution was then placed in the incubator at 37°C prior to
use. The rice samples, or the digestion mass from the previous phase, were mixed
with 80% of the respective working solution, whereas the remaining 20 % was used
to dissolve the enzymes before adding it to the sample. This allowed the even
distribution of the enzymes throughout the sample. The 20 % fluid aliquot
containing enzymes was added to the sample after pH adjustment in the remaining
80 % aliquot. Using the gastric phase as an example, the pH of SGF increased from 3
to 5 after mixing 80 % of the SGF with the “bolus” (the sample mass from the oral
phase), then adjusted back to 3 to maintain the pepsin activity, before adding the

remaining 20% of fluid containing enzymes (pH 3) and initiate digestion.
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Tab. 3.3. Example of a static in vitro digestion experimentfor 5 g of cooked rice. (A)
Composition of the bolus; (B) composition (volumes) of the working solution (80 % solution
mixed with digestion mass + 20 % used for preparation of enzyme solution); (C)

Characteristics of the enzyme mix.

(A) JR (example of food model)

Rice sample (g) 5.00

Total solid (g) 1.86 (37.2 % of rice mass)

Total starch (g) 1.62

Total energy content (kcal)? 6.85

(B) Working solution Oral (pH 7)¢ Gastric Intestinal
(pH 3)° (pH 7)°

Stock solution (mL) (shown in Tab. 4 (SSF) 8 (SGF) 16 (SIF)

3.2)

CaCly(H,0); 0.3M (mL) 0.025 0.005 0.08

MilliQ” water (mL) 0.975 1.495 2.92

HCI (5 M) (mL)® - 0.5 -

NaOH (5 M) (mL)® - - 1

Total fluid volume (mL) 5 (4+1) 10 (8+2) 20 (16+4)

Of which for premixing (mL) 4 8 16

Of which for enzyme solutions (mL) 1 2 4

(C) Enzymes Salivary a- Pepsin Pancreatin

amylase

Enzyme activity (unit/mL) in total 75 2000 208

digestion mix ¢

Enzyme-specific activity (unit/mg)¢ 146.2 557.5 31.4

Mass of enzyme (mg) ¢ 5.14 71.82 25.48

Digestive mass 5g cooked rice  10mL 20mL of
bolus f chyme &

Final volume (mL) 10 20 40

2 According to the nutrition information on the food label.
®For pH adjustment.

¢ Each batch of enzymes is tested according to standard assays to determine the specific
enzyme activity. The amount of pancreatin used is based on the activity of a-amylase. As in
the previous trial, the amount of pancreatin based on suggested a-Amylase activity was
used, and the starch digestion curve of all samples reached a plateau within 5 mins, which
makes it difficult to resolve differences in starch digestion rates. Based on our results, it is
recommended to have 0.5-unit amylase per mg starch in the final digestion mixture. This
means 20 units/mL amylase is more appropriate to distinguish digestion kinetics for 5g of
rice containing around 30 % total starch. The enzyme activity (unit/mL) in the total digestion
mix at the distinct phases was calculated as enzyme-specific activity (unit/mg) x enzyme
mass (mg) / final volume (mL).

4 Specific enzyme activity measured for each batch of enzymes according to standard assays.
€ Final pH means the pH after mixing with the digestive mass accordingly.

fThe bolus here refers to the food mass (homogenised for 0's, 10 s, and 20 s) mixed with
SSF for 2 mins and ready for gastric digestion.

& Chyme refers to the mass that forms after gastric digestion.
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3.8.4.2 Procedure

Cooked samples underwent a three-step digestion procedure consisting of an oral,
gastric, and intestinal phase. Aliquots of the digesta were collected for protein and
starch analysis at the end of the oral and gastric phases and at specific time points
during the intestinal phase. Two batch experiments were conducted for each rice
sample. Following the oral phase (Section 3.8.2.1), the rice bolus sample was

processed in the gastric phase.

Gastric phase. SGF (8 mL containing no enzymes) was added to the oral mixture to
deactivate the salivary a-amylase. The gastric phase was immediately initiated after
adding a further 2 mL of pepsin solution (prepared in SGF) to reach a final volume
of 20 mL with 2000 U/mL pepsin activity. The mixture was incubated at 37°C with
constant rotation (20 rpm) for 30 mins. The pH of the gastric mixture, measured
every 10 mins, was maintained at 3 using HClI 1M. For gastric digestion, 100 ulL
aliquots of the mixture were withdrawn after 30 mins incubation and dispersed into
1.5 mL microcentrifuge tubes containing 100 uL of “stop solution” (0.3 M Na,COs,
pH 9) to inactivate the pepsin. Enzyme blanks contained pepsin and SGF, but no

samples were prepared and tested as the samples.

Intestinal phase. At the end of the gastric phase, 16 mL of SIF was added to the
gastric chyme and the pH was adjusted to 7 with NaOH 1 M. Subsequently, 4 mL of
SIF containing pancreatin (as per equalisation of a-amylase activity 20 U/mL digesta)
and mixed to reach a final volume of the intestinal mixture of 40 mL. The mixture
was incubated at 37°C under constant rotation (10 rpm) for 180 mins. To study the
kinetics of starch digestion (intestine phase), a 100 uL aliquot of digesta was
withdrawn from the digestion mixture at 0, 5, 10, 15, 20, 30, 45, 60, 90, 120, and
180 mins. Each aliquot was dispersed into a 1.5 mL microcentrifuge tube containing
100 uL of “stop solution” (0.3 M NaxCOs, pH 9) to stop the amylase activity and
measure the degree of starch hydrolysis. Meanwhile, a 100 ulL aliquot was
withdrawn from the digestion mixture at 0, 15, 30, 60, 120, and 180 mins. Each

aliqguot was dispersed into a 1.5 mL microcentrifuge tube containing 100 uL of a
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Bowman-Birk trypsin-chymotrypsin inhibitor solution (0.05 g/L) to stop the trypsin

activity and measure the degree of protein hydrolysis.

Blanks containing corresponding enzymes and simulated digestion fluids, but no
rice, were run through the same digestion and sampling process to identify the
amount of hydrolysed protein belonging to the enzyme. This value was subtracted
from the total digested protein measured in the samples to determine the actual

digested protein related to the rice.
3.8.5 Semi-dynamic digestion model
3.8.5.1 Model setting

The overall setup of the semi-dynamic model and each function component is

illustrated in Fig. 3.6 and described in Tab. 3.4.
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Fig. 3.6. Overview of the semi-dynamic in vitro digestion model setup.The image

shows blank fluid (solution with enzyme, but no sample) within the system.
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Image of component

Identifying name/size

Function

Multiport flask
Height: 240 mm
Neck diameter: 96.0 mm

Lower circular diameter:
166.0 mm

Simulates the digestion of food in the
gastric-intestinal tract. The temperature
is maintained at 37°C by a hot plate and
monitored by a probe.
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Viscometer
Spindle: RV-04 (04)

1. Multi-point interval
data collection for
gastric and intestinal
phase.

2. Results expressed as
mean * S.D. of viscosity
in centipoise (cP)

Monitors the viscosity changes during
digestion. It determines the fluid-specific
viscosity by measuring the deflection of
the spring with a rotary transducer.

The DV-IIl rheometer operates on the
principle of rotating the spindle in the
test fluid through a calibrated spring.
The spring deflection, measured using a
rotary transducer, determines the
viscous drag of the fluid against the
spindle.

An aliquot of digesta was injected into
the reaction flask and positioned
underneath the pivot cup of the
rheometer. The rheometer was set up in
"controlled shear rate mode," and
rotational speed and torque were
measured.

pH waterproof meter

Monitors the solution pH in the sampling
flask, which is connected to the reaction
flask.

Peristaltic pump

Assists the enzyme solution delivery with
a specific delivery rate, i.e., the volume
programmed to be delivered in a given
period.

Hot plate

Maintains the temperature at 37°C.




C-flex 16 Fluid transfer in settings. Tubing

J 1/4in OD x 1/8in ID x 2ft ~ connects the sampling flask and the
N Long reaction flasks in a flow cycle.

3.8.5.2 Procedure

The semi-dynamic in vitro digestion model differs from the static model due to the
presence of a peristaltic pump, which continuously moves the sample within the
system; moreover, there is a controlled bolus-induced gastric pH increase from 2 to

5. The oral phase was instead the one described in Section 3.8.2.

Gastric phase. A three-step, block-wise pH profile was used to follow the pH, which
increased over a 30-min period, consisting of a linear regression from pH 2 (a fasting
state in the stomach) to pH 5 (bolus delivery in the stomach) within 30 mins. The
linear pH increase was divided into three blocks of 10 mins each to obtain a
representative average pH value for a given period. The reaction flask was filled with
160 mL of SGF (pH 2). The gastric phase was initiated when the rice mass from the
oral phase (pH 7, total volume 200 mL) was introduced into the reaction flask via the

peristaltic pump | (input) at 20 mL/min.

Once the volume of the reaction flask reached 360 mL, the peristaltic pump I
(output) was activated to pump the digested solution into the sampling flask at 20
mL/min for 2 mins. The pH value was then determined (gastric time 0). To reduce
bolus-induced pH increase, 20 mL of predetermined SGF was added to the reaction
flask every 10 mins (as shown in Fig. 3.7) to achieve the target pH, which was
adjusted, if necessary, using HCI (2M). The viscosity of the digesta was measured
using the Brookfield DV-Il rotational rheometer (Fig. 3.6). This model was developed
based on a previous study in sacrificed pigs (Nadia et al., 2021), where it was
observed an average in vivo gastric pH increase from 2 to 5 in 30 mins described in

Eq.3.4.
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pH,; = 0.1 X gastric digestion time (min) + pH,, (Eq.3.4)
Where:

pHt is the stomach pH at a specific time point

pHio is the stomach pH at time 0 (beginning of digestion time)

protocol A practical oo Linear (practical)
6

y =0.5036x + 1.7429

5 R2=10.9513
.
3 " -

o
{

l L —

0 5 10 15 20 25 30
Gastric digestion time (min)

Fig. 3.7. Schematic of the change in gastric pH during semi-dynamic gastric phase.
Columns: predicted pH change induced by the bolus, as determined by Eq. 3.4. Grey
triangles with the linear fitting dashed line: experimental results in our study. Arrows
indicate the time points (10" and 20™ min) at which block-wise acidification was performed

with the addition of SGF (20 mL) and HCI (2 M) to the reaction flask.

Despite the specific time points noted, the in and out tubes remain connected to
the reaction flasks and sample flasks to maintain a current of digestion fluids. Pumps
continue to operate at a speed of 20 rpm/min. After 30 mins of gastric digestion,
100 ul aliguots were withdrawn in duplicate from the sampling flask and analysed

for the static digestion model (Section3.8.4).

Intestinal phase. As soon as the gastric phase was completed, 360 mL of SIF (without
pancreatin) was pumped into the reaction flask at 50 mL/min to stop pepsin activity.
The remaining 40 mL of SIF, containing pancreatin, was added to the reaction flask
(final volume 800 mL) to start intestinal digestion. Meanwhile, 100 uL aliquots were
withdrawn in duplicate from the sampling flask as time 0. Pumps continue to

operate at a speed of 10 rpm/min. Despite the specific time points noted, the in and
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out tubes remain connected to the reaction flasks and sample flasks to maintain a
current of digestion fluids. The viscosity was measured throughout the intestinal
digestion step. Sampling, analysis, and blank testing were performed for the static

digestion model (Section3.8.4).
3.8.6 Quantitative evaluation of digested starch

Based on the method of Edwards et al. (2019), a colourimetric analysis using a par-
hydroxybenzoic acid hydrazide (PAHBAH) assay was conducted on aliquots collected
at digestion points to determine the maltose concentration. By referencing the
standard curve, the concentration of maltose in each sample was expressed as
maltose equivalents. Then, the maltose equivalent concentration units were further

converted into the corresponding percentage of starch digested using Eq.3.5.

[maltose],

Digested starch ratio (%) = x 100 % (Eq.3.5)

[maltose]sypstrate
Where:

[maltose]: is the maltose equivalent concentration in the liquid phase of the

digesta at a given time.

[maltose]substrate is the theoretical concentration of maltose equivalent that
would exist at the beginning of the reaction, assuming that total starch
(obtained by total starch measurement in Section 3.5) within the rice sample

could be converted to maltose (360.31 g/mol).
3.8.7 Quantitative evaluation of digested protein

3.8.7.1 Determination of digested soluble protein fragments (DSPF) by
Bicinchoninic Acid (BCA) assay

The content of DSPF (including tripeptides and larger polypeptides or proteins) in
samples obtained from IVD models was analysed using a BCA protein assay kit
(PierceTM BCA Assay, Thermo Fisher Scientific). A 96-well microplate method was
used with BSA as a reference standard. Before the analysis, the samples were diluted
along the standard curve to determine concentrations within the 20-2000 mg

BSA/mL range, mixed with the working reagents, and incubated at 37°C for 30 mins.
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As a result of the protein-induced biuret reaction, Cu(l) is formed in a concentration-
dependent manner. BCA forms a highly specific chromogenic complex with Cu(l)
with an absorbance peak at 562 nm. DSPF concentration was determined by
measuring the absorbance at a wavelength of 562 nm (SpectraMax M5 microplate
reader, Molecular Devices, US) and calculated using Eq.3.6., as described by Almeida

et al. (2015):

Ps — Py

DSPF = ( ) x 100 % (Eq.3.6)

tot

Where:
Ps is protein fragment content in digestion fluids
Py is protein fragment content in blanks

Piot is the concentration of total proteins in the mass before digestion. Protein
content was measured as N content x 5.95 (the conversion factor). The
obtained DSPF curve (the accumulative increase over time) was evaluated by

fitting a first-order association model, as proposed by Bhattarai et al. (2016).

3.8.7.2 Determination of degree of protein hydrolysis (DH by o-
phthaldialdehyde (OPA) assay

The degree of protein hydrolysis (DH) was determined by using the o-
phthaldialdehyde (OPA) method following the procedure described by Jiménez-
Munoz et al. (2021) to determine the proportion of free amino groups (-NHy)
released from rice protein degradation within the supernatant. As suggested by Hall
et al. (2022), samples were first filtered using an Amicon® Ultra-4 centrifugal filter
device (4000 rpm for 10 mins at room temperature) with a cut-off value of 10 kDa
and then washed twice with 150 uL of MilliQ® water. Following centrifugation, it
was expected that the molecules present were smaller than 10 kDa under the same
dilution. The assay was conducted in 96-well microplates. After derivatisation with
OPA and in the presence of 2-mercapto-ethane sulfonic acid, the produced 1-
alkylthio-2-alcylisonindol  compound was measured wusing a UV/VIS

spectrophotometer (SpectraMax M5 microplate reader, Molecular Devices, US) at
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335 nm. The results were calculated using a standard L-glutamic acid curve (0—8 mM
in 0.5 M perchloric acid). The enzyme blanks were used as a background, and the
obtained OPA values were subtracted from the OPA values of the protein. The DH

(%) was calculated with Eq.3.7.
DH (%) = —x 100% (Eq.3.7)
tot

Where:

h represents the amount of free amino groups expressed in glutamic acid
equivalents (g/L; the molar mass of glutamic acid - 147.13 g/mol - was used

as an average molar mass of all amino acids).
hiot is the total rice protein concentration (g/L) in the dispersion.
3.8.8 Analyses of starch digestion kinetics and predicted glycaemic indexes.

The starch digestion curve can be described by a first-order kinetic model as C; =
Coo(l - e_kt). Here, C: represents the concentration of maltose (digested starch) at
a given time. C is the estimated maltose concentration at the endpoint of digestion,

and k is the digestion rate coefficient. These two values can be calculated by
analysing the logarithm of the slope (LoS) plot form as In (z—(t:) = In( Cx,k) — kt, as

reported by Butterworth et al. (2012).

Linearised first-order kinetic models are generally used to describe simple starch
substrates digested at a single rate, such as rice starch isolates (Li et al., 2021). For
more complex substrates involving lipids and proteins, such as rice or wheat,
nonlinear plot modes are more frequently reported (Edwards et al., 2014; Li & Hu,
2020; Zou et al., 2015). Although there could be more phases, biphasic digestogram
models with two monophasic digestograms with different rates are commonly used
to describe these slope discontinuities. Thus, a first-order equation with a piecewise
function (Eq.3.8) was used to profile the overall starch digestion curve as proposed

by Edwards et al. (2014).
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Cr = Cooq X (1 — e7KIXY)
+if (£ > ting Conz X (1 — e ¥2X(ttind) 0)  (Eq.3.8)

Where:
tint is the time of intersection of the two plots
k (k1 and kz) are the respective rate constants

C- (Cw1and C-) are an estimate of the digested starch proportions at the reaction
endpoints of each digestion fraction (referring to the portion of starch digested at

rapid - ki - or slow - k; - rate).

If the digestion curve is a linear phase, tin: does not exist, and only the first part
applies. The mathematical modelling of in vitro starch digestograms used in this

study is summarised in Fig. 3.8.
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Fig. 3.8. Kinetic models applied on starch digestibility curve. Image adapted from
Edwards et al. (2014, 2018). Dots on the starch digestibility curve (black line): proportion of
starch digested by enzymes as a function of time. C..; and C; are the proportion of starch
digested at the endpoint of each reaction, obtained with ki and kj. Cestotal is the prediction
of digested starch concentrations based on Co, C~1 and C..;. HI is calculated by comparing
the incremental AUC of the rice sample with reference food (white bread).



Multiple digestible fractions were identified as linear discontinuities after applying

dC

a LoS model (In (E) = In( C,k) — kt). Thus, the combination of parallel and

sequential (CPS) kinetic models proposed by Li et al. (2020) was applied to the
digestion curve as in Eq.3.9.
Ci = Co + (Cop) X (1 —e7K1t)

Hif (t > tagare (Coz) X (1 — e K2(tt2star) ) (Eq.3.9)
As for the LoS model, this equation can differentiate digestion phases (e.g., rapid
versus slow) with different rate constants (ki and ki) and concentrations at the
endpoint of each reaction phase (C~1and Ce;). CPS model additionally introduces a
variable named tastart, Which represents sequential or parallel digestion patterns, or
a combination of both. When tastart = 0, the parallel digestion pattern is followed.

When tint < tastart, the sequential digestion pattern is followed. When 0 < tastart < tint,

a CPS digestion pattern is followed (Yu et al., 2021).

The predicted glycaemic index (pGl) was calculated using Eq.3.10, described by
Tamura et al. (2016).

pGI = 39.71 + 0.549HI (Eq.3.10)
Where:

Hl is the hydrolysis Index, calculated by comparing the area under the curve at
90 mins (AUC90sample) Of digestibility plots with that obtained for white bread
(Aucgoreference), as ShOWh in Eq.3.11

| _ AUCI0sampie
AUC90reference

X 100Eq.3.11)White
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3.9 Statistical analysis

Results were calculated as means * standard deviation. Subsequently, Tukey’s test,
in conjunction with analysis of variance (ANOVA), was used to determine significant
differences among the means at an a priori significance level of p < 0.05, using the
SPSS software (version 27, Chicago, USA). In the granulometric measurement for the
cooked grain after homogenisation, the cumulative Gaussian statistic model was
used to calculate the particle size distribution after passing the Shapiro-wilk
normality test using Prism (version 9, San Diego, CA) (Blanquet-Diot et al., 2021; Suo

et al., 2021).
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Abstract

This study explores the impact of low acyl gellan gum on the physicochemical and
microstructural attributes of cooked non-parboiled and parboiled rice. The findings
reveal distinctive effects of low acyl gellan gum on the viscosity and thermal
properties of non-parboiled rice, while parboiled rice exhibits limited
responsiveness, providing evidence of the complex interactions between low acyl
gellan gum and rice's characteristics, composition and structure. The presence of
low acyl gellan gum induces observable shifts in structural composition, such as the
formation of B-sheet structures and V-type starch-low acyl gellan gum complexes.
Microscopic analysis confirms the formation of a coating on the rice grain surface,
which alters the textural characteristics of cooked, non-parboiled rice. Parboiled rice
exhibits a lower susceptibility to acyl gellan gum-induced changes due to its distinct
microstructure. Additionally, variations in pre-homogenisation time and the
addition of Low acyl gellan gum significantly impact starch digestibility in oral phase
simulation, highlighting the intricate relationship between rice grain composition
and microstructure. This study provides valuable insights into the manipulation of
in vitro starch digestibility through Low acyl gellan gum incorporation during the

cooking process.
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Highlights

The addition of a low acyl gellan gum affected cooked white rice's
physicochemical and microstructural properties to a different extent
according to the rice types (non-parboiled vs parboiled).

Low acyl gellan gum increases rice dispersion's pasting properties
during cooking and reduces starch retrogradation during cooling.

Low acyl gellan gum forms a coating at the rice grain's peripheral region
and retains the cooked grain's compact protein-starch matrices.

The effect of low acyl gellan gum on the physicochemical and textural
properties of white rice is more evident in the non-parboiled rather
than parboiled type.

Upon oral processing simulation, intact or pre-homogenised rice
significantly decreases oral starch digestibility when using low acyl

gellan gum.

Keywords: white rice, low acyl gellan gum, protein-starch matrices; in vitro starch

digestibility.
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4.1 Introduction

Rice continues to gain importance in the human diet as an essential source of
carbohydrates and energy for more than half of the world's population, providing
nearly 20 % of calorie intake (OECD-FAQO. 2021). White rice is the predominantly
consumed rice type, in which the grain is refined by milling out the bran and germ,
which contain the major proportion of total fat and fibre, to leave the starchy
endosperm (Van Dam, 2020). The refining process affects the grain’s composition,
especially starch (up to 90 % dry weight), protein (4-11 % dry weight) and fat (0.5-2
% dry weight), and their configurations (Toutounji et al., 2019) in addition to
facilitating the cooking process and improving the cooked rice's texture and taste.
Oral recognition of starch occurs when it is broken down into maltose by the a-
amylase in the saliva. Therefore, the degree of starch degradation in the oral cavity
could be of nutritional importance (Peyrot & Breslin, 2016; Toutounji et al., 2019).
Both characteristics contributed to white rice's popularity and profitability, as
evidenced by the market success of white jasmine rice (Jarma et al., 2020;
Jirapornvaree et al., 2021). The gluten-free nature of rice makes it an ideal choice
for individuals who suffer from gluten sensitivity or follow a low-fat diet. It is also
versatile as it can be served whole, ground into flour, or fermented into desserts and
yoghurt (Alvarez-Jubete et al., 2010; Kamlesh & Prakash, 2010; Toutounji et al.,
2019).

Due to its popularity, white rice now plays a key role in health management.
Ingestion of rice containing a high amount of rapidly digestible starch (RDS) is
associated with an acute glycaemic response. It is considered a risk factor for
hyperglycaemia and insulin resistance (Kaur et al., 2016). Involving 132,373
participants in 21 countries, a long-term (9.5 years) cohort study was conducted to
understand the correlation between white rice consumption and diabetes. Higher
intakes of cooked white rice (450 g per day, around 3 cups of cooked rice, compared
to lower < 150 g/day, around 1 cup) were associated with a significant increase in

diabetes development (Carcea et al.,, 2021). Conversely, rice containing slowly
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digestible starch (SDS) or resistant starch (RS) was associated with significant

nutritional and health benefits (Jukanti et al., 2020).

Therefore, exploring strategies for reducing the RDS in white rice has gained interest
and importance among researchers from multiple disciplines. To be effective,
proposed interventions with rice must consider health impacts and consumer
satisfaction. One option is replacing white rice containing SDS/RS sources with
brown rice or mixed grains. However, these alternatives are not widely accepted at
the organoleptic level. Several approaches to producing SDS rice products have also
been explored, including crossbreeding (Suklaew et al., 2020), chemical and
enzymatic modification (Dupuis, Liu and Yada, 2014; Nguyen Doan et al., 2019), and
hydrothermal treatments such as parboiling (Kiatponglarp et al., 2015; Rocha-
Villarreal, Serna-Saldivar & Garcia-Lara, 2018). Parboiling is a treatment that
involves soaking, pressure steaming, and drying. It is applied before dehulling in
conventional grain processing. Parboiling has been reported to contribute to better
rice quality by increasing milling yields, nutritional value and reducing the effects of
insect damage (Paiva et al., 2016). Aside from being easy-cook and preserving the
traditional taste, parboiled rice (PR) contains more SDS than non-parboiled rice,
making it a healthier option for glucose-sensitive customers. This can be attributed
to changes in the starch's physical state following the parboiling process. Rice starch
after parboiling achieves more ordered structures than those found in non-
parboiling (Larsen et al., 2000; Cheng, Chen & Yeh, 2019). The protein networks
enclosing the starch granules, forming the characteristic protein-starch matrices,
become more compact due to parboiling. This prevents the starch granules from
gelatinising upon cooking and potentially reduces starch digestibility during
digestion (Tian et al., 2018; Cheng et al., 2019; Sivakamasundari et al., 2020).
Specifically, the more compact protein network likely depends on heat-denatured
protein forming a gel matrix that enhances the integrity of starches and restricts the

water-absorbing capability of rice grains (Fitzgerald et al., 2003).

Cooking rice in hydrocolloid dispersion has been proposed as a simple method to

reduce the starch digestibility of cooked rice. These hydrocolloids could inhibit the
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enzymatic hydrolysis either through single or combined effects, e.g., encapsulating
starch granules, increasing the particle size and viscosities of digesta (Sasaki &
Kohyama, 2011; Chen et al., 2017; Ojo et al., 2018). One such hydrocolloid is Low
acyl gellan gum (LAGG). It is a water-soluble, anionic polysaccharide produced by
the bacterium Sphingomonas elodea, and it has been widely used in food products
as a texturing agent (Bradbeer et al., 2015). This material forms a liquid gel that can
withstand 120°C and solidifies into a brittle gel texture under quiescent cooling. In
terms of increasing SDS content, several pilot studies have explored self-structured
LAGG gels and gel-forming behaviour in the presence of rice starch in an acidic
environment such as the stomach (Bradbeer et al., 2015; Tamura et al,, 2017; S
Blanquet-Diot et al., 2021). The findings presented were promising as they
demonstrated high resistance to shear force and the capability to increase viscosity
at low pH. An increased viscosity or a gel network impedes the mass transfer of the
food materials (increases satiation) and enzymes (slows the digestion rate) (Kanyuck
et al., 2022). These characteristics make this polysaccharide a potential option for
SDS-containing foods while providing satiety. Chung et al. (2008) performed the first
study on the texture and in vitro digestibility of white rice cooked with LAGG
dispersions at two concentrations (0.3 and 0.7 %). The results showed that among
six different hydrocolloids tested, LAGG had the most significant impact on the
texture and SDS content in cooked rice (Srikaeo & Paphonyanyong, 2020). However,
limited information was provided on the potential mechanism responsible for these.
Establishing the physicochemical and microstructural effects of LAGG on the
protein-starch matrices of cooked white rice would provide the required knowledge

to produce high SDS-based foods.

Therefore, this study aims to investigate the physicochemical and microstructural
effects of LAGG on the protein-starch matrices of two types of cooked white rice
(non-parboiled vs parboiled). Several physicochemical properties of rice were
analysed. The rice pasting and thermal properties were evaluated with a rapid visco
analyser (RVA) and a differential scanning calorimeter (DSC). The hydration

properties were instead evaluated with swelling power and solubility index
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measurements. The microstructural properties at multi-scales were studied by
Fourier transform infrared (FTIR), X-ray diffraction (XRD) and microscopic
observations. The resulting textural properties of cooked rice were analysed using a
textural property analyser (TPA). An in vitro oral process was also performed to

assess the cooked grain disintegrations and oral starch digestibility.
4.2 Materials and methods

4.2.1 Materials

Two types of Indica rice were used in this study: a non-parboiled type - Thai Jasmine
rice (JR, Green Dragon Thai Hom Mali Aaa, purchase date December 2018), and an
easy-cook long grain rice, also called parboiled rice (PR), purchase date January
2019). Low acyl gellan gum (LAGG) was purchased from CP Kelco, UK. Human
salivary a-amylase (Sigma A-1031, batch number SLBX2637) was purchased from
Sigma-Aldrich. Enzyme activity was determined in the lab using the procedure by
Brodkorb et al. (2019). The enzyme activity was 145.98 U/mg, where 1 unit/mg
represented the capability of liberating 1 mg of maltose from soluble potato starch
(52630, Sigma-Aldrich) in 3 mins at a pH of 6.9 at 20°C. Unless otherwise stated, all

reagents were of analytical grade and supplied from Sigma-Aldrich, UK.
4.2.2 Rice flour production and extraction of starch

Rice (100 g) was rinsed thrice with distilled water and then dried at ambient
temperature for 1 h. To produce the rice flour, cleaned JR or PR grains were ground
using an electric grinder (KG49, Delonghi, Treviso, Italy) and the powder was passed
through a sieve with a 500 um mesh size; the particles larger than 500 um were
discarded. Rice starch was recovered based on the method described by Singh et al.
(2003). In brief, rice flour (50 g) was mixed with 0.18 % (w/v) NaOH solution to a
flour-to-solution ratio of 1:15 (w/v) while stirring at 30°C for 1 h. After centrifuging
(4000 rpm, 15 mins), the protein-rich supernatant was separated from the starchy
residue pellet, and the latter was washed using 125 mL of with 0.18 % NaOH and
centrifuged (4000 rpm, 15 mins) again. The starchy residue was neutralised with 0.1

M HCI (~30 mL) to pH 7.0 and dried in an oven (MOV-112F, Sanyo, Japan) at 30°C for
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24 h (until constant weight). It was then blended and sifted as for the rice flour. The
starchy powders produced from JR and PR are defined as jasmine rice starch (JRS)

and parboiled rice starch (PRS).
4.2.3 Morphological Properties of rice flour and starch

Rice flour and starch produced using the methodology in Section 4.2.2 were
examined under brightfield and polarised light microscopy to observe the
differences in their morphological attributes (size and shape) and native crystalline
states (represented by Maltese cross). Light microscopy was performed using an
Eclipse Ci microscope (Nikon Instruments Inc., Surrey, UK) equipped with a digital
camera (Nikon digital Sight DS-Fi2 camera). Samples were prepared as described by
Chakraborty et al. (2020). A drop of the starch or flour-water mixture (1 % w/v) was
placed on the microscope slide and covered with a cover slip. The images were
viewed and captured at 20 times magnification using NIS-Elements software (Nikon

Instruments Inc., Surrey, UK).

The particle size distribution of rice flour or starch was measured with a laser
diffraction particle size analyser (LS 13 320, powder system module Beckman
Coulter, Inc., Buckinghamshire, UK). The mean diameter over volume (um) was

reported as an average of three measurements.
4.2.4 Preparation of cooked rice with and without LAGG

Rice samples were cooked following the manufacturer’s instructions and previous
studies (Chatthongpisut et al., 2015; Liu et al., 2019). Pre-washed JR or PR (100 g)
were cooked in a rice cooker (NEDIS, KarcO6wt-power 300w, Leicester, UK) with 150
g of distilled water (1:1.5 rice-to-water ratio, w/w) until no excess water was present
(approximately 15 mins). After cooking, the rice was kept in the rice cooker in warm
mode (65-70°C) for 10 mins to cook the grains fully. The grains were visually
determined to be fully cooked using the glass slide method described by Singh et al.
(2005). The kernels of cooked rice were randomly selected and loaded between two
microscopes. The rice was considered cooked if it had softened without hard centres

or a white core during the shredding process. JR or PR (100 g) were also cooked in
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150 g of distilled water containing 1, 2, or 3 g of pre-dispersed LAGG (corresponding
to 1, 2, and 3 % of rice mass, respectively). Samples containing 1, 2, or 3 g of LAGG
were coded as JR_1LA, JR_2LA and JR_3LA for JR and PR_1LA, PR_2LA and PR_3LA
for PR.

The moisture content was determined using standard method 934.01 published by
the Association of Official Agricultural Chemists (AOAC). The samples were dried in
an oven (MOV-112F, Sanyo, Japan) at 105°C for 24 h (until constant weight). The
moisture content was represented by the difference in the sample weight before
and after drying (AOAC, 2005a). Aliquots of the cooked rice samples were
lyophilised, ground, and sifted into flour (particles < 500 um) before chemical
composition analysis. The nitrogen content in samples was measured with the
Kjeldahl method according to AOAC 930.29, and respective crude protein content
was calculated using a nitrogen-to-protein conversion factor of 5.95 (AOAC, 2005b).
The total starch content in each sample was measured using method 996.11 by
AOAC with a total starch assay kit (a-amylase/amyloglucosidase) (K-TSTA,
Megazyme, lIreland). The apparent amylose content of the rice samples was
determined using the iodometric method described by Tamura et al. (2014). In brief,
each sample (50 mg) was initially defatted in a 15 mL conical centrifuge tube with
500 uL of 95 % ethanol, then mixed with 1 M NaOH (4.5 mL) and heated in a boiling
water for 10 mins to allow amylose to leach and disperse (Bahdanovich et al., 2022).
The total mix volume was adjusted to 10 mL using distilled water, 500 uL of the
solution was withdrawn, diluted with 2 mL distilled water, and then neutralised with
500 uL 1 M acetic acid into another 15 mL tube. 1 mL of 0.2 % fresh prepared iodine
solution (0.2 g iodine and 2.0 g potassium iodide diluted to 100 mL with distilled
water) was then added to form an amylose-iodine complex, and the mix was rested
for 10 mins at 30°C to develop colour. The mix absorbance was subsequently
measured at 620 nm using a UV-visible spectrophotometer (Evolution™ 60S,
ThermoFisher, paisley, UK), using potato amylose (A0512, Sigma-Aldrich) as the
standard. A portion of uncooked rice grain and extracted starch was also lyophilised,

ground, and sieved to a powder to determine the effect of lyophilisation on the
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composition of raw rice flour and starch. No significant difference in composition
was identified in samples with or without lyophilisation. Rice protein profiles were
determined by sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-
PAGE, 12 % separating gel and 4 % stacking gel) according to the method described
by Laemmli et al. (1970). The powdered samples were solubilised in one time
volume of reducing sample buffer (1610737, 62.5 mM Tris-HCI (pH 6.8), 25 % of
glycerol, 2 % of SDS, 5 % of B-mercaptoethanol, 0.01 % of bromophenol blue). Then,
the mixture was heated at 95°C for 5 mins. The samples for SDS-PAGE under non-
reducing conditions were prepared using the same process, just without 2-ME. Gels
were stained with Coomassie Brilliant Blue R-250 and destained in a methanol-water

solution containing 10 % acetic acid (methanol/acetic acid/water = 1:1:8, v/v/v).

The pasting properties of rice samples cooked with and without LAGG were
evaluated using an RVA (4800, PerkinElmer, Buckinghamshire, UK) following AACC
61-02 (AACC, 2001). In brief, 3 g of JR or PR flour (based on 8 % water content) was
added into an aluminium canister containing 25 g of 0, 0.03, 0.06 or 0.09 g (w/w)
LAGG dispersion, corresponding to 0 %, 1 %, 2 % and 3 % of the flour mass (3 g),
respectively. LAGG was initially dispersed in distilled water to prepare the mixtures
and equilibrated at ambient temperature for 1 h. After stirring the dispersions and
loading into the RVA instrument, the samples were mixed at 960 rpm for the first 10
s, then at 160 rpm for the remaining procedure. The heating profile was as follows:
holding at 50°C for 1 min 30 s, heating to 95°C in 3 mins 45 s, holding at 95°C for 2
mins 30 s, and cooling to 50°C in 3 mins 45 s and holding at 50°C for 1 min. The
pasting properties parameters, i.e., peak (PV), breakdown (BD), final (FV), and
setback viscosity (SB), peak time (P:), peak temperature, were calculated with
Thermocline for Windows software (version 3) supplied with the instrument.
Following the RVA test, the corresponding proportions of JRS and PRS (dry starch
basis) were added to 25 g of distilled water (0 % LAGG) to assess the difference in
starch pasting behaviour without protein. The RVA test of LAGG-water dispersions
(without a rice sample) was also performed. All measurements were performed in

triplicate.
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4.2.5 Thermal properties

The thermal properties of the samples were determined using DSC (Dsc 3+, Mettler
Toledo, Leicester, UK) based on the method described by Zhu et al. (2020). The rice
flour/rice starch (10 mg) was mixed with 15 uL distilled water to achieve the same
rice-to-water ratio used in cooking and placed into stainless-steel pans (40 uL). Pre-
prepared LAGG dispersion (1-3 %, w/w) were added (15 uL). To prepare rice in LAGG
dispersion, 0.1, 0.2, or 0.3 mg of LAGG powder was mixed with 15 uL distilled water,
then added to the rice flour as control (without LAGG). A temperature profile
simulating the rice cooker was used to analyse the samples, as described by Zhu et
al. (2020). In brief, the sample and reference (empty) pans were heated at 10°C/min
from 30°Cto 120°C and kept at 120°C for 15 mins. The samples were then cooled at
20°C/min to 60°C to match an edible temperature for freshly cooked rice (Yau &
Huang, 1996). Onset temperature (T,), peak temperature (Pr), conclusion
temperature (T¢), and enthalpy of phase transition (AH) were calculated from the
curve area (under the peak of the thermograms with a baseline) using star® software

(Mettler Toledo, Leicester, UK). Enthalpy was expressed as J/g of dry starch.
4.2.6 Hydration properties

The hydration properties of cooked rice included water solubility index (WSI) and
swelling power (SP). These were determined using the method described by Farooq
et al. (2018). Briefly, rice flour (1 g) mixed with 10 mL LAGG (0, 1, 2, or 3 mg/mL)
dispersion was boiled in a water bath (95°C, 30 mins). For the added rice flour, the
corresponding starch proportions of JRS and PRS were mixed with 10 mL of distilled
water (0 % LAGG) to assess the difference in starch hydration behaviour without

protein.

Upon cooling to ambient temperature, the samples were centrifuged (4000 rpm, 15
mins). The supernatant (containing the soluble fraction) was removed and placed in
pre-weighed glass dishes dried at 105°C until the weight was constant and weighed
to calculate the WSI using Eq. 4.1, expressed in % of dry sample. The residue after

centrifuging was weighed for SP determination using Eq. 4.2.
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WSI = % X 100 % (Eq. 4.1)

SP=—"_ %100% (Eq.4.2)
W-Wr

Where:
W; represents the mass of the wet residues
W, the mass remained after drying the supernatant
W the initial mass of the sample (g, dry solid basis)
4.2.7 Microstructural properties
4.2.7.1 Fourier transform infrared (FTIR) spectra

To identify chemical bonds that characterise functional groups present in the
protein and starch of rice before and after cooking, the infrared spectra patterns of
samples were recorded using a Bruker Tensor 27 FTIR spectrometer equipped with
an attenuated total reflectance accessory (Graseby-Space Ltd, Orpington, UK),
following the method reported by Garcia-Valle et al. (2021). Spectra were recorded
in the 4000 - 400 cm™ range (128 scans, 4 cm™), and ambient air was used as a
background reading. Data analysis was done using OMNIC software (version 6.2,
Thermos Electron Corporation). Following a baseline correction and deconvolution
of IR spectra, the secondary structure of rice proteins (amide | region, 1700 cm™ to
1600 cm™) was quantitatively evaluated by fitting peaks with Gaussian models based
on the procedure described by Fetouhi et al. (2019). Assigning secondary structure
of protein was on the peaks centred in the region at 1615-1637 cm™ and 1682-1700
cm! for B-sheet, 1637-1645 cm™ for random coil, 1646-1664 cm™ for a-helix and
1665-1681 cm™ for B-turn, as reported previously (Ellepola et al., 2005; Ying et al.,
2017; Fetouhi et al., 2019). The results were expressed as a percentage contribution
of each secondary structure, calculated by dividing the relative areas under the
curves by the sum of the fitted model. Absorption intensity ratios at 995/1022
(R995/1022) and 1047/1022 (R1047/1022) were used to assess the short-range

molecular structure of rice starch, according to Wang et al. (2020).
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4.2.7.2 XRD

The crystalline structure patterns of the rice sample were analysed using an X-ray
diffractometer (D8, Bruker AXS, Congleton, UK) with a Cu-Ka source (A =0.154 nm)
running at 40 kV and 25 mA, based on the setting described by Choi et al. (2022).
Samples scanned in the 26 angle range of 4° to 45°, with a step size of 0.02° (26) and
a scan speed of 2°/min. The relative crystallinity was quantified as the ratio of the
crystalline area peak to the total area diffraction peaks (both amorphous and
crystalline) evaluated using the DIFFRAC plus EVA® software provided with the XRD

instrument.
4.2.7.3 Morphological properties of cooked rice
4.2.7.3.1 Morphological analysis of cooked rice kernel

The cooked samples were imaged using a digital single-lens reflex camera with a 64
mm macro lens (5D, Canon, Tokyo, Japan). Based on the International Rice Research
Institute's procedures, ten freshly prepared grains were randomly selected within
the central region of the pot for visual quality assessment (Graham et al., 2002). The
parameters used for describing kernel morphology, including grain length,
thickness, and width, were repeatedly measured with a digital vernier calliper with
a resolution of 0.01 mm (PGA1001, Modelcraft, Hereford, UK). The measurement

results were expressed in millimetres (means * standard deviations).
4.2.7.3.2 Light microscopy

The microstructure of the cooked rice grains, especially the protein-starch matrices,
was observed under a brightfield microscope (Eclipse Ci microscope, Nikon
Instruments, Surrey, UK) equipped with a digital camera (Nikon digital Sight DS-Fi2
camera) based on the method described by Juntunen et al. (2002). In brief, cooked
samples were placed in an optimum-cryo-microtomy embedding medium and
sectioned into 60 um thicknesses with a microtome (Leica CM 3050s, Leica
Microsystems, Milton Keynes, UK). The tissue sections were then mounted on
gelatine-coated microscopic slides. A double stain was applied to the rice sections

for light microscopy. A 0.1 % (w/v) fast green 1 % acetic acid aqueous solution was
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used to stain the first protein for 1 min and was then washed twice with distilled
water to remove the unacted dye. The 1:10 diluted Lugol's iodine solution was
added to stain the starch. Micrographs of the samples were taken using the digital
camera. The images showed that the protein was observed in green due to its basic
amino acid chains' electrostatic bonding with fast green (Steglich et al., 2014). Starch
was shown in blue/purple due to the amylase-iodine (blue) and amylopectin-iodine
(purple) complex. To track the hydrogel penetration towards the rice grains, the
LAGG was covalently labelled using 5-(4,6-dichlorotriazinyl) amino fluorescein
(DTAF), following the procedure described by Khin et al. (2021). As with the native
LAGG shown in Section 4.2.4, the cooked rice samples with DTAF-LAGG were
visualised using an EVOS™ FL microscope with 488 nm excitation wavelengths of 488

nm excitation wavelength and 517 nm emission wavelength.
4.2.7.3.3 ESEM

The microstructure of the surface and cross-sections of cooked rice samples were
captured using an ESEM (FEI Quanta 650 with Oxford Instruments X-Max-150 EDX
Detector) with a gaseous detection device detector. The equipment settings were
based on the method described by Dang & Copeland (2004). The micrographs were

captured at a magnification of 1000x.
4.2.8 Textural properties of cooked rice samples
4.2.8.1 Textural profile analysis

The textural properties of freshly cooked rice samples were evaluated using a two-
cycle compression test using a texture analyser (TA-XT2, Stable. Microsystem,
Surrey, England) based on the procedure described by Boluda-Aguilar et al. (2013).
In brief, A 2 g aliquot of cooked rice was arranged in a single layer from the centre
of the plate to cover an area greater than 35 mm in diameter. It was then
compressed using a cylindrical probe with a diameter of 35 mm. Two compression
cycles were performed at 1.0 mm/s to 75 % deformation. By analysing the force-

time curve, hardness, cohesiveness, gumminess, and springiness were calculated
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using the Texture Export for Windows software provided by the instrument. Ten

technical measurements were repeated for each rice sample.
4.2.8.2 Oral in vitro digestion

The oral process simulation of cooked rice samples was conducted based on the
method described by Tamura et al. (2017). In brief, an aliquot of cooked rice sample
(120 g) was homogenised using a household blender (HB605, Kenwood, Havant, UK)
for 0's, 10 s or 20 s to simulate the swallowing, normal and fine mastication
conditions. The following in vitro digestion step was conducted based on the
method described by Fernandes et al. (2020). In brief, an aliquot of the non-
homogenised and homogenised (10, or 20 s) sample (10 g) was weighed in a conical
tube (50 mL), adding 10 mL simulated salivary fluid containing salivary a-amylase
(75 U/mL). The mixture was incubated (37°C) for 2 mins under constant rotation (50
rom). A 20 mL Na;COs (0.3 M) solution was added to stop the enzyme activity. The
samples were then held at 37°C undisturbed for 10 mins to allow the residues to
sediment. Following filtration through a Buchner funnel, the filtrate was collected
for the evaluation of oral (in vitro) starch digestion, and separated particles were
carefully removed from the filter paper and placed in the oven to dry for 12 h at
70°C until constant weight. To determine the digestibility of starch during the oral
phase, the concentration of reducing sugars in the liquid filtrate produced from
starch amylolysis was measured using a par-hydroxybenzoic acid hydrazide

(PAHBAH) assay as described by Edwards et al. (2019).

The granulometry distribution of the digested rice mass was evaluated based on the
method described by Ranawana et al. (2010). The total weight of dried residues was
recorded first, and the residues were then screened through four test sieves stacked
in descending order of size (2.0 mm, 1.0 mm, 0.5 mm, and 0.25 mm) and a base pan.
This was conducted using a Retsch AS 200 control sieve shaker (Verder Scientific,
Derbyshire, UK) with a vibration height of 0.5 mm and a duration of 1 min. The
fragments isolated over each sieve were collected and weighed. In this study, these

will be referred to as distributed grain fragments. The weight loss caused by the
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particles entrapped within the meshes was negligible. The distribution was

calculated using Eq. 4.3.

ZRu(%)=T - (Eq.4.3)

Where:

M, is the mass (g) of the fraction retained on each sieve (M1, M2, M3, Ma)

and pan (Mp)
IM, is the total mass (g) of grain fractions: M1+ My +...+ M,
ZRnis the cumulative per cent (%) of mass retained

4.2.9 Statistical analysis

Results were calculated as mean * standard deviation. Subsequently, Tukey’s test,
in conjunction with analysis of variance (ANOVA), was used to determine significant
differences among the means at an a priori significance level of p < 0.05, using the
SPSS software (version 27, Chicago, USA). In the granulometric measurement for
cooked grain after homogenisation, the cumulative Gaussian statistic model was
used to calculate the particle size distribution after passing the Shapiro-wilk
normality test using Prism (version 9, San Diego, CA) based on a reported method

(Blanquet-Diot et al., 2021; Suo et al., 2021).
4.3 Results

4.3.1 Proximate composition and morphological properties of raw rice

As shown in Tab. 4.1, PR contained significantly higher protein and amylose levels
than JR, whereas their total starch and moisture content were similar. The
recovered starchy residues (JRS, PRS) had a total starch content of 95 %, significantly
higher than that in JR and PR flours, and a lower protein and water content than the
flours. The results agree with those previously reported on the starch composition
isolated from milled rice flour (Puncha-Arnon & Uttapap, 2013). The percentage of
amylose in JRS and PRS was similar to that in rice flour, suggesting that the protein

extraction process did not significantly alter the proportion of amylose.
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Tab. 4.1.Chemical composition of raw JR and PR flour and their isolated starch

(g/100g).
Moisture Total starch Amylose Protein
content
JRS 2.43+035° 95.60+1.32° 18.03 +1.79° 0.62 £+0.03°¢
JR 8.50+0.04° 83.63+1.68° 17.19+0.08° 6.66 +0.58"
PRS 2.60+0.39° 95.02 +0.58° 28.84+1.68° 0.65+0.02°¢
PR 8.24+0.02° 81.68+1.32° 27.01+0.78* 8.52 +£0.26°

Mean + SD. calculated from triplicate measurements. Values in each column with
different superscript letters are significantly different (p < 0.05)
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Fig. 4.1. Morphology of raw flour and starch isolates. JR flour (A), JRS (B), PR flour (C),
and PRS (D) were observed under both bright (A1-D1) and polarised light (A2-D2) field
microscopy. Scale bar 100 um. A3-D3: the particle size distribution of each sample.

observed between JR and PR, which could affect the rice's physicochemical
properties during cooking and, thus, the texture of the cooked rice. Under
brightfield and polarised light microscopy, raw JR, PR, JRS, and PRS were
characterised for their morphology (Fig. 4.1A1-D1) and crystalline structure (Fig.
4.1A2-D2). As part of the morphological description, rice samples' particle size

distribution patterns were also examined (Fig. 4.1A3-D3).
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Both flours contained particles predominantly with cubic or polygonal shape. The
size ranges from 374.5 um to 514.2 um, consisting of tightly packed starch granules
approximately 8.5 um in size. The starch granules of JR flour showed a clear
birefringence as observed under polarised light, with the characteristic Maltese
cross, and were densely packed (Fig. 4.1A2). In contrast, the starch granules of PR
flour displayed a lower degree of birefringence intensity than that of JR flour (Fig.
4.1C2). This was in line with the work of Sittipod & Shi (2016), who examined the
morphological differences between starch granules of parboiled and non-parboiled
rice. Parboiled rice exhibited a lower level of birefringence, attributed to starch
gelatinisation (loss of molecular order) caused by the parboiling. As for the particle
size distribution, this was unimodal for both flours (Fig. 4.1A3 and C3), with a mean
diameter d(50) of 487.5 um for JR and 435.6 um for PR. Upon removal of protein by
alkaline-mediated treatment, the distribution curve of the JRS sample appeared to
have a peak range of 7-9 um (Fig. 4.1B3), suggesting the presence of individual rice
starch granules as previously reported (Jang et al., 2016; Vandeputte & Delcour,
2004). Under polarised light, the Maltese cross of JRS flour appeared more defined
than that of IR flour (Fig. 4.1A2).

A large number of PRS granules remained clustered following the removal of the
protein network. No increase in birefringence was observed, suggesting the
presence of gelatinised starch, which was absent in JRS (Fig. 4.1D2). The size
distribution curve showed a single peak supporting the microscopic observation as
presence of starch clusters with lower d(50) (310.3 um) than PR flour, and no distinct

peaks indicated individual starch release (Fig. 4.1D3).
4.3.2 Pasting properties of rice dispersion with and without LAGG

The RVA profiles of JR and PR are shown in Fig. 4.2, and the pasting parameters are
presented in Tab. 4.2.
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Fig. 4.2. RVA profiles of rice with and without 1-3 % LAGG.
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Tab. 4.2. Pasting properties of rice starch and rice flour with and without LAGG addition.

Rice type PV (cP) BD (cP) FV (cP) SB (cP) Time (min) Pr (°C)

JRS 3791.7 +31.9° 2683.0+74.7® 2026.3+54.3° 1763.3+31.8° 4.6+0.0° 78.0+0.4"
JR 34683 +18.6° 1140.0+23.1° 3157.7+19.2¢ 544.0+40.6°¢ 6.2+0.3° 88.1+0.3°
JR_1LA 3856.7 +46.0° 741.3+18.0° 3849.0+34.4¢ 186.3+12.6¢ 6.6+0.1° 88.4+0.3°
JR_2LA 3938.7 +45.0° 776.7+5.5°¢ 4221.3+26.0°> 183.0+13.5¢ 6.7 +0.0° 88.6+0.1°
JR_3LA 44347 £28.9° 792.3+6.7¢ 4679.7 +38.9° 179.0+4.6¢ 6.8+0.1° 88.7+0.1°
PRS 795.3 +26.0¢ 10.3+2.3¢ 1796.0+53.7¢ 1067.3+15.9° 7.0+0.0¢ 89.5+0.4°
PR 74.0+7.59 ¢ 4.0+1.5¢% 187.0+17.6% 112.7 +24.7°¢ 7.0+0.0¢ -

PR_1LA 101.0+16.3¢ 3.7+19¢% 181.0+ 28.3¢ 82.0+14.3°¢ 7.0+£0.0¢ -

PR_2LA 192.0+ 159" 7.0+1.8¢ 275.5 + 45.5% 84.0+125¢ 7.0+0.1°¢ -

PR_3LA 229.0+48.8°¢ 12.3+5.3¢ 552.0 £ 92.9f 323.0+£54.2¢ 7.0+£0.0¢ -

Mean £ S.D. values in the same column with a different superscript are significantly different from each other (p < 0.05).

Here the abbreviations include PV: peak viscosity; BD: breakdown viscosity; FV, final viscosity; SB setback viscosity; Pt peak temperature.



The JR dispersion showed typical RVA curves of starchy foods (Fig. 4.2A). Upon
heating with excess water under shear force, a rapid increase in viscosity to the peak
value was observed, likely resulting from the starch granules' complete
gelatinisation to the point of structural disruption (shown as PV). The subsequent
reduction in viscosity (BD) can be attributed to the starch granules structural loss
during continuous heating and shearing. This is due to reduced interaction between
the starch molecules with decreased resistance to the flow as they tend to align to
it. Upon cooling, the viscosity increased (SB) mainly due to starch retrogradation, as
the gelatinised starch molecules restructured. Unlike JR, PR did not display a clear
viscosity peak and maintained constant viscosity during cooling. The lack of viscosity
development in PR could be due to the fact that part of the starch was already
gelatinised due to parboiling. Therefore, starch granule integrity in PR was already
compromised, resulting in lower swelling and lower resistance to shear force upon

heating in RVA.

JRS and PRS (Fig. 4.2A) illustrate the starch pasting profiles without the protein
network role in the matrices. Compared with JR, the JRS had a significant increase
in PV, BD, and SB, a significant decrease in FV and an earlier peak time (shorter Py).
The PRS showed a significant increase in viscosities (including PV, FV and SB)
compared to PR. A similar pasting profile was observed in legume flours and their
starch isolates reported by Do et al. (2019). The results suggested that the protein
network may serve as a physical barrier that prevents the gelatinisation and
disruption of starch granules during the heating and holding phases and starch

retrogradation during the cooling phase.

In addition, JRS viscosity values were significantly higher than in PRS. This can be
attributed to the proportional ratio of amylose to amylopectin and the resultant
crystalline structure, affecting the degree of starch gelatinisation, swelling, and
retrogradation (You et al., 2015; Cornejo-Ramirez et al., 2018). Compared to JR, PR
has a higher proportion of amylose, which acts both as a diluent (by reducing the

amount of hydrogen bonds amylopectin can form with water molecules) and as an
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inhibitor of swelling (amylopectin), restricting viscosity development (Cornejo-

Ramirez et al., 2018; Vamadevan & Bertoft, 2020).

Pasting profiles of JR and PR flour with and without the presence of 1-3 % LAGG
dispersions are shown in Fig. 4.2B. In the initial holding stage (50°C), no significant
differences were observed in the viscosity of the flour-LAGG dispersion compared
to the control (flour alone). With the increase in LAGG addition, the viscosity peak
of JR was delayed during the heating phase. Moreover, with an increase in LAGG
addition (from 0 to 3%), JR displayed an increased trend in PV and FV. PR exhibited
similar changes to JR in the viscosity profile upon increased LAGG additions,

although to a lower extent.

Additionally, individual RVA profiles of 1-3 % LAGG dispersions were evaluated to
determine if LAGG addition provided a higher threshold in viscosity than only water,
as observed in guar gum or xanthan gum (Zhang et al., 2020). As shown in Fig. 4.2C,
the LAGG dispersions had low viscosities (around 20 cP), and at above 75°C, their
viscosities decreased to near zero, suggesting no viscosifying effect from only LAGG.
Therefore, it is suggested that the effect of LAGG addition in rice paste occurs

synergistically rather than cumulatively on increasing viscosity.

A combination of phase separations and intermolecular interactions is widely
regarded as the cause of the synergetic increase in starch viscosity upon adding
hydrocolloids (Fang et al.,, 2018; Zhang et al.,, 2020). Without LAGG, the
gelatinisation phase of starch can be described as a two-phase system composed of
dispersed granules gradually swelling and a continuous phase of leached amylose.
When LAGG is present, its concentration in the continuous phase will increase upon
swelling of the starch granules, resulting in an increased viscosity of the mixed
system. LAGG also undergoes gel-to-liquid-like conformational changes when
heated above 75°C, transitioning from a double-helix (cohesive solution state) to a
random coil structure (liquid state). During the transformation process of LAGG,
water molecules may migrate at a slower rate, which leads to a delay in reaching
the viscosity peak (Fig. 4.2C). Additionally, the observed increase in viscosity of rice

flour-LAGG dispersions may be caused primarily by entanglement between leached
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amylose and conformationally disordered 'random coils' of LAGG, as evidenced by
similar results reported previously (Song et al., 2006; Saha & Bhattacharya, 2010;
Zhengetal., 2021). When the temperature was above 75°C, the individual molecules
of hydrocolloids could move freely (A reduction in the viscosity of 1-3% LAGG
dispersion can be seen in Fig. 4.2C). This could facilitate crosslinking with released
amylose via structural interpenetration and electrostatic interactions (especially
hydrogen bonding) induced by carboxyl groups on glucuronic acid residues of LAGG
(Fang et al., 2018). As a result of the gel formation, the gel system shows greater

resistance to shear forces applied, which is reflected in its increased viscosity.

Upon cooling, the viscosity again increased and reached the FV of gel pastes mainly
due to starch molecules retrogradation (realignment of amylose and amylopectin
chains upon cooling, resulting in reordered structures accompanied by water
expulsion). The SB (difference between PV and FV) values decreased with increasing
LAGG concentrations, suggesting that LAGG-containing pastes have a lower
retrogradation tendency. Similar results were reported in rice starch-LAGG mixtures
and other hydrocolloids, such as guar gum and locust bean gum (Fang et al., 2018;
Zhang et al., 2020). The reduced starch retrogradation is probably due to structural
changes of LAGG, consequently affecting the reticulation state within amylose-LAGG
copolymers. LAGG undergoes a coil-to-helix transition, which acts as a steric
hindrance to the reorganisation of amylose and prevents water molecules from

exiting (Milas et al., 1990; Morris et al., 2012).
4.3.3 Thermal properties of rice dispersion with and without LAGG

The thermal properties of the JR and PR dispersions containing 0 to 3 % LAGG were

determined using DSC (Fig. 4.3).
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JRS and PRS dispersions in water were also tested to study starch gelatinisation
without protein networks. JR and PR exhibited different gelatinisation patterns. In
JR samples, an endothermic peak was observed between 65 and 84°C, which
indicates the melting of rice starch crystalline layers. In PR samples, a small peak was
detected between 50 and 70°C, suggesting the melting of retrograded amylopectin,
which had gelatinised during the parboiling process, as reported previously

(Bhattacharya, 1985; Islam et al., 2002).

The onset (To), peak (Tp), and conclusion (Tc) temperatures and the phase transition
enthalpy (AH) are reported in Tab. 4.3. Upon normalising AH by the starch content,
JRS and PRS showed higher enthalpy than the respective JR and PR and slightly lower
To and Tp. This difference, although not statistically significant, may suggest that
starch gelatinisation can occur at lower temperature and higher extent without a
protein network, which aligns with their RVA profiles. Ma et al. (2022) and Puncha-
Arnon & Uttapap (2013) reported similar findings regarding the changes in the
thermal properties of rice flour before and after removing granule-associated

proteins.

The phase transition temperature range (65.84-82.67°C) of IR flour, which contains
6.66 % protein and 83.63 % starch, appears to be restricted compared to that of
starch gelatinisation (64.25-83.63°C; Tab. 4.3). This may again be explained by the
presence of proteins, which would delay the onset of starch gelatinisation and result
in a longer time for total gelatinisation to complete. It is likely that glutelin, the major
protein in white rice (as confirmed by SDS-PAGE in Section 4.3.7), denatured at
temperatures towards the end of starch gelatinisation, e.g., 78.8°C (Ju et al., 2001)
or 82.2°C (Wang et al., 2015).

In PR, the phase transition peaks were not substantial. The protein-starch matrices
that is formed during parboiling involved protein denaturation and partial starch
gelatinisation (Lii et al., 2018), thus decreasing the extent of phase transition
occurring upon cooking. Moreover, protein denaturation and unfolding during
parboiling, facilitated the formation of intermolecular disulfide bonds, which make
the protein network more rigid and resistant to heat (Zavareze et al., 2010; Silva et
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al., 2017). Furthermore, this network encapsulates starch granules, which are also
restructured during parboiling. The thermal behaviour of rice starch provides
further evidence of the structural reorganisation effects on phase transitions. PRS
showed a lower AH than JRS, which is in line with results reported previously (Kong
et al., 2015; Puncha-Arnon & Uttapap, 2013; Wang et al., 2018). Combined, these
results indicate that PRS contains a less ordered and/or thermally stable starch

structure than JRS.

With increasing LAGG concentration (0 to 3 %), transition temperatures (To, Tp, and
Tc) and AH increased for both rice types, although this was not statistically
significant.

Tab. 4.3. Thermal properties upon heating (Section 4.2.5) of JR and PR flours in 0-
3 % LAGG dispersions and of JRS and PRS in water.

Ricetype T, (°C) To (°C) T.(°C) AH (J/g of starch)
JRS 64.25+0.32° 71.27+£0.80° 83.63+1.01° 9.14+1.02°
JR 65.84+0.19° 72.38+0.76° 82.67+1.30° 8.20+0.50°
JR_1LA 65.94+0.24°¢ 72.49+0.56° 84.18 +1.07° 8.23+0.45°
JR_2LA 65.79+0.65° 72.89+0.27° 86.37+1.26° 8.28+0.31°
JR_3LA 65.86 £ 0.23° 72.93+0.14° 86.40+1.83° 8.45+0.33°
PRS 49.53+1.16¢ 59.51+0.63° 71.97 +1.37° 0.91+0.11°
PR 50.68 +1.18 59.74+£1.40° 68.32+1.41¢ 0.86+0.15°
PR_1LA 51.78 £0.96 ¢ 60.19 + 0.95 ¥ 69.70+0.96°“ 0.89+0.25°
PR_2LA 52.68+0.72°¢ 60.50 + 0.39 ¥ 71.43+1.08°¢ 1.01+0.10°
PR_3LA 54.39+0.81° 61.80+0.72° 73.35+167° 1.16+0.14°

T, is onset temperature; T, is peak temperature; T. is conclusion temperature; AH is
the enthalpy change (J/g of starch on dry weight based). Mean + S.D. values in the
same column with a different superscript are significantly different from each other (p
< 0.05).

Cooling rice from 120°C to 60°C (edible temperature), as reported by Yau and Huang

(1996), may cause starch short-term retrogradation (mainly amylose
retrogradation), reorganisation of the protein-starch matrices, and water expulsion,
eventually affecting the freshly cooked rice texture (Wang et al., 2020). As shown in
Tab. 4.4, JRS and PRS showed a clear exothermic peak in the 90-70°C range,
indicating that starch retrogradation occurred. The JR and PR flours did not exhibit
obvious exothermic peaks, either with or without LAGG. A reduction in the phase
transition enthalpy during cooling was observed in the presence of protein networks
and LAGG in conjunction with the resulting gelatinised starch. The first two factors
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likely contributed to the enthalpy reduction by interfering with amylose movement
and recrystallisation (Wang et al., 2020). This agrees with the reduced SB in RVA
(Section 4.3.2) and with similar results reported previously (Yu et al., 2009; Puncha-

Arnon & Uttapap, 2013; Eom et al., 2018). Upon increasing LAGG concentrations,

both rice types did not show significant variations in AH during cooling.

Tab. 4.4. Thermal properties upon cooling (Section 4.2.5) of JR and PR flours in 0-

3 % LAGG dispersions and of JRS and PRS in water.

Ricetype T, (°C) To (°C) T.(°C) AH (J/g of starch)
JRS 90.60+0.48 84.00+0.18° 71.98+0.87°¢ 1.22+0.04°
JR 89.60+0.10° 84.24+0.76° 73.81+0.10% 0.83+0.04"
JR_1LA 90.94+0.24% 84.28+0.35° 72.20+0.24% 0.87+0.02°"
JR_2LA 91.00+0.54% 84.74+0.27° 74.10£0.20® 0.90+0.07°"
JR_3LA 92.26+0.43° 86.67£0.43° 76.65+1.83° 0.90+0.10°
PRS 90.84+0.48% 85.03+0.18° 77.53+0.87° 1.09+0.04°
PR 89.63+0.20° 85.05+0.33°¢ 77.54+0.32° 0.73+0.03°
PR_1LA 90.92+0.20® 85.05+0.33°¢ 77.54+0.32° 0.78 £0.03°
PR_2LA 91.78 £0.89° 85.15+0.56° 76.94 +0.45° 0.82+0.08°
PR=3LA 92.73+1.81° 84.61+0.44° 74.62+031° 0.81+0.14°"

T, is onset temperature; Ty is peak temperature; T.is conclusion temperature; AH is
the enthalpy change (J/g of starch on dry weight based) during the cooling stage. Mean
+ S.D. values in the same column with different superscripts are significantly different
from each other (p < 0.05).

4.3.4 Hydration properties of rice dispersion with and without LAGG

Tab. 4.5 presents the values of SP (g/g) and WSI (%) for JR and PR dispersions
containing 0 to 3 % LAGG measured after boiling. In PR, SP and WSI were significantly
lower than in JR. Upon protein removal, JRS showed significant increases in SP and
WSI compared to JR. Yu et al. (2012) reported found identical results in their study
on the increase in SP and WSI of rice starch derived from four varieties of rice flour.
Similar results were also observed by Wani et al. (2016) for legume starches, which
had a higher SP and WSI than their respective flours. It is suggested that removing
protein networks can facilitate starch accessibility to water and increase starch

swelling space.
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Tab. 4.5. Hydration properties, SP (g/g) and WSI (%), of JR and PR flours in 0-3 %
LAGG dispersions and JRS and PRS in water.

Rice sample SP (g/g) WSI (%)

JRS 12.26 +0.69° 41.18+5.92°
JR 9.77+0.34° 32.03+2.79°
JR_1LA 8.95+0.12°¢ 30.34+0.63 %
JR_2LA 8.61+£0.12°¢ 26.31+0.22
JR_3LA 8.31+£0.13°¢ 25.25+0.51«
PRS 6.31£0.28 ¢ 22.12+1.24¢
PR 6.04+£0.42°¢ 11.47 +0.77 ¢
PR_1LA 5.91+0.07°¢ 10.23+0.54 ¢
PR_2LA 5.45+0.22°¢ 9.09+0.44 ¢
PR_3LA 5.54+0.39°¢ 8.68£0.62 ¢

Mean £ S.D. values in the same column with different superscripts are significantly
different from each other (p < 0.05).

In PRS, WSI was significantly higher than PR, but not SP. This is in line with parboiling
facilitating starch solubility in water and easy-cook properties reported by
Unnikrishnan & Bhattacharya (1988) and in accordance with the lower gelatinisation
capacity of PRS shown in RVA and DSC, and the microscopic observation (in Section

4.3.1) also indicated a limited space for swelling within the starch clusters.

As a result of the addition of LAGG, significant reductions were observed in SP and
WSI values of JR samples. The WSI of JR decreases with the concentration of LAGG.
In addition, PR observed a reduction in SP and WSI values with LAGG addition,
although it was not statistically significant. Similar results were reported previously
by Song et al. (2006) on rice starch/LAGG mixture and rice starch/xanthan mixture
by Su et al. (2018). The reduced SP and WSl in rice-LAGG mixtures may be attributed
to the interaction of gum with water and leached amylose. The higher number of
OH groups in LAGG makes it more hydrophilic, limiting water availability for starch
granules, which inhibit swelling. Moreover, leached amylose and LAGG in
continuous phases can also cause a film to develop around the granules, preventing

further amylose exudation, and thereby reducing the WSI.
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4.3.5 The secondary structure of rice protein and the short-range ordered

structure of starch

Identifying the role of proteins and starch in determining rice microstructure is
important to understanding the textural properties of cooked rice, which can be
identified and characterised with FTIR spectroscopy by analysing specific spectral

regions of these two components, as described in Section 4.2.9.1.

The FTIR spectra of samples obtained from raw and cooked rice with and without 1-
3% LAGG added are shown in Fig. 4.4. Upon a baseline correction and deconvolution
of the IR spectra curve, four sub-peaks were identified from the amide | region
(1600-1700 cm™t). They referred to the secondary structure components of proteins
as B-sheets (1615-1637 and 1682-1700 cm?), random coils (RC, 1637-1645 cm™), a-
helix (1646-1664 cm™) and B-turns (1665-1681 cm™), as described in previous
studies (Guerrero et al., 2014; Chavez-Murillo et al., 2018; Hu et al., 2019). Each
substructure's contribution to percentage is presented in Tab. 4.6. Raw PR shows a
greater RC and lower a-helix proportion than JR. A similar difference on the protein
structure before and after the thermal treatment has been reported by Heydari et
al. (2022) for lentil proteins and by Wang et al. (2019) for rice glutelin. Combined, a
high proportion of disordered conformations and intermolecular B-sheet aggregates
is indicative of the presence of denatured protein. The position of the main amide |
peak band changed in the cooked JR and PR compared to their raw counterparts. As
discussed previously by Kubelka et al. (2001) and Barth et al. (2007), peak upshifts
may be related to a decrease in the molecular mass of the proteins. It can also be
observed the lower molecular mass band shown in cooked rice sample compared to
the raw sample in the native SDS-PAGE (Section 4.3.7, Fig. 4.6).Meanwhile, cooked
rice shown significant increases in the percentage of ordered structure A significant
increase in ordered structures (B-sheet of cooked JR and a-helix of cooked PR) and

a concomitant decrease in RC content was evident after cooking (Table 5).
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Cooking rice in LAGG dispersions increased the B-sheets content for both rice types
(Fig. 4.4C and D), suggesting that protein aggregation occurred. When rice was
cooked in a LAGG dispersion with increased content, the proportion of B-sheets
increased in both rice types while decreasing the RC concentration. The results
suggested that rice protein can transition from a random structure ("loops",
relatively flexible) to a more ordered structure ("train", relatively stable) in the
presence of LAGG. A similar result has been reported for guar gum-gluten mixtures
by Linlaud et al. (2010) and guar gum/gum Arabic-pea protein by Shen et al. (2022).
The occurrence of this phenomenon may be due to two factors. First, introducing
LAGG caused rice protein to aggregate, possibly due to electrostatic repulsion
between protein and LAGG, which are negatively charged at native pH. Additionally,
heating induces the protein structure to loosen and rearrange. Hydrophobic and
polar groups inside the protein were exposed to the surface, which may further

enhance the effect between rice protein and LAGG.

By observing the starch fingerprint region (900-1200 cm) in three specific
absorbance bands at 995 cm™, 1022 cm™ and 1047 cm™, which are linked to the
intramolecular hydrogen bonding among C6 hydroxyl groups, amorphous and
crystalline starch structures, respectively. Therefore, the ratios of 995/1022 cm?
(R995/1022) and 1047/1022 cm™ (R1047/1022) were calculated and listed in
Tab.4.6 to evaluate short-range order of starch (primarily the local arrangement of
helices into crystalline arrays) (Nhouchi et al., 2022; Yang et al., 2022). Raw JR had a
higher R1047/1022 than PR, indicating a great level of ordered structure in their
external region, which was very similar to their isolated starch (0.71+0.01 of JRS and

0.71+0.01 of PRS, respectively)

Compared to the raw samples, both cooked rice types showed reduced R1047/1022
and R995/1022, indicating that cooking damaged the short-range ordered structure
of starch and caused the distribution of the double helices and starch chains. LAGG
also contributes to the above absorption peaks in the polysaccharide region (Fig.
4.4). Subtracting the contribution of LAGG on the intensities of the peaks,
R1047/1022 and R995/1022 showed a downward trend but not a significant
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decrease when LAGG concentration increased (Tab. 4.6). It appears that LAGG
inhibits the formation of short-range ordered structures within starch, possibly by
interfering with the formation of hydrogen bonds between released amylose, thus
delaying the short-term retrogradation of rice starch. These results align with the
pasting and thermal properties reported in Section 4.3.2 and Section 4.3.3 and in
accordance with the rice starch/B-glucan mixture system reported by Zhao et al.

(2023).
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Tab. 4.6 Secondary protein and starch structure values taken from normalised FTIR spectra of cooked JR and PR with and without 1-3 % LAGG

(w/w). Values for uncooked rice samples (raw JR and raw PR) are also reported as control.

B-Sheet Unordered .
Rice sample (1615-1637)/ (Random coil) ‘1’"6'12'_';‘66 . §6T6”5rq ca1 995/1022 1047/1022

(1682-1700) 1637-1645
Raw JR 32.17+262° 9.27+3.44° 38.17+2.62° 18.70+3.04° 0.98+0.02° 0.35+0.01°
R 38.29+3.73 ¢ 5.55 + 1.31 b 36.08 +2.13° 17.40 + 2.18 ¢ 0.88 +0.02 % 0.33+0.02%
JR_1LA 42.54+2.19 % 3.57+1.31% 37.07+1.12° 13.81+0.37 e 0.87+0.01° 0.29 + 0.04 **
JR_2LA 46.30+2.92° 2.86+0.37¢ 36.54 + 1.08° 13.47 £0.70 % 0.82+0.07° 0.26 £ 0.08 @
JR_3LA 48.30 +2.01° 2.33+0.45¢ 38.02 + 0.83° 11.73+0.55 ¢ 0.80 +0.04 © 0.24 +0.01 **
Raw PR 37.29+1.18° 15.74+1.80° 28.61+5.92" 24.21+2.29° 1.44+0.02° 0.25 +0.03 %
PR 37.92+1.40° 7.38+1.16" 35.49 +1.03° 17.82 +0.58 > 1.27+0.03"° 0.20 +0.07 ™
PR_1LA 40.42 +3.70 % 6.16 + 0.65 ™ 36.89 + 1.03° 16.79 + 0.36 1.23+0.02° 0.18+0.03 ¢
PR_2LA 42.76 +1.24 < 5.19 + 0.48 < 35.37+2.97° 15.49 + 1.60 e 1.2040.03° 0.17+0.03¢
PR_3LA 45.17 + 1.50 4.96 +0.43 34.45 + 1.44° 14.91 + 0.53 bece 1.0140.04° 0.15+0.02°¢

Mean % S.D. values in the same column with different superscripts are significantly different from each other (p < 0.05).



4.3.6 Crystalline structure

The X-ray diffractograms of rice samples, describing their crystalline structure, are

shown in Fig. 4.5.

The crystal structure of the starch component in raw JR and PR and their respective
starch isolates presented an A-type pattern and A+V tape pattern, which is common
in cereals. A-type pattern with single peaks at 15.5°, 23.5° with unresolved peaks at
17.1° and 18.2°, and V-type pattern with a peak at 20.2° were observed, which
matched the results in previous studies on JR and PR (Dhital et al., 2015). Raw JR
samples had a higher degree of crystallinity (DOC), calculated from the XRD pattern,
than raw PR samples (11.3 % in JR and 8.0 % in PR). Similar differences between
waxy rice (contains < 0.5% amylose) and high-amylose (contains > 33.3% amylose)
rice have also been reported by Luo et al. (2021). When most of the protein bodies
were removed, JRS and PRS showed similar DOC (12.4 % in JRS, 8.5 % in PRS)
compared to JR and PR flour. In raw rice, starch is a semicrystalline material
containing both amorphous and crystalline regions, mainly composed of linear
amylose and branched amylopectin molecules, respectively (Vandeputte & Delcour,
2004). Therefore, JRS contain a higher proportion of amylopectin, leading to higher
crystallinity than PR and PRS.
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Cooked rice flour no longer exhibits specific A-type diffraction peaks, suggesting that
rice starch crystallites have been disrupted in the cooking process. A presence of a
prominent peak at 20°, indicating the presence of V-type patterns (Farooq et al.,
2018). In fact, the V-type, formed after cooking, results from complex interactions
between the amylose and other compounds, including proteins and lipids. A similar
decrease in A-type structure along with the formation of V-type complexes was
reported in cooked rice, pre-gelatinised rice dispersions, and other novel cereal
products (Farooq et al., 2018; Cai et al., 2021; Hirata et al., 2023). A V-type pattern,
associated modest decrease in DOC, were also evident in both JR and PR cooked
with LAGG. These results are consistent with the findings of Zhou et al. (2020) on
corn starch-hydrocolloid (including gum Arabic, xanthan gum or guar gum)

complexes under the heat-moisture treatment.
4.3.7 Proximate composition and morphological properties of cooked rice

As in raw rice (Section 4.3.1), the protein and amylose contents remained
significantly different between cooked JR and PR and adding LAGG had a limited

effect on the proximate composition (Tab. 4.7).
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Tab. 4.7. Proximate composition (g/100 g total sample) and morphological properties of cooked JR and PR with and without 1-3 % (w/w) LAGG.

IR JR_1LA JR_2LA JR_3LA PR PR_1LA PR_2LA PR_3LA
Moisture content 57.77+2.81° 60.10+£2.06% 61.20+154% 62.26+1.43% 5954+2.60° 61.92+1.85%* 61.78+1.17° 62.37+1.81°
Total starch 35.86+1.92° 3539+2.17° 34.45+3.46° 3511%261° 33.18+227° 31.81+1.56° 32.68+2.42° 32.57+3.32°
In which amylose (%) 14.26 + 1.06® 13.73+0.99° 14.12+2.18° 14.69+1.64° 20.19+0.43° 19.48+0.57° 20.13+1.82° 18.89+2.01°
Protein 2.64+£0.04° 2.65+0.04° 2.63+040° 2.57+0.04®> 3.42+0.12® 3.36:+0.087 3.50+0.09% 3.44+0.14°
Length (cm) 1.00+0.03* 1.03+0.05° 0.97+0.05° 1.00+0.06° 1.09+0.03° 0.98+0.07°  0.92+0.03° 0.98 +0.04°
Width (cm) 0.30£0.02® 0.30+0.02° 0.30+0.01° 0.32+0.04® 0.32+0.02® 028+0.02° 030+0.04° 0.28+0.03°
Thickness (cm) 0.09+0.01° 0.09+0.01° 0.09+0.01° 0.10+0.02° 0.09+0.01° 0.08+0.01®  0.10£0.03*  0.08 +0.02°
Sphericity 0.29+0.02° 0.29+0.02® 0.31+0.01*> 0.32+0.04® 0.29+0.02° 029+0.02°  0.32+0.05° 0.28+0.03°
Surface area (cm?) 0.53+0.02° 0.57+0.05° 0.54+0.05° 0.60+0.10° 0.64+0.05° 0.50+0.06®  0.52+0.08% 0.50+0.06°
Roundness 0.22+0.02° 0.22+0.02® 0.24+0.01*> 0.24+0.01® 022+0.01® 022+0.01°  025%0.05° 0.22+0.03°

Mean + S.D. values in the same row with different superscripts are significantly different from each other (p < 0.05).
Morphological properties include length, width, thickness, sphericity, surface area and roundness.



The protein profile, analysed by SDS-PAGE, of raw and cooked rice with 0-3 % LAGG
is shown in Fig. 4.6. For both JR and PR, four major protein bands, prolamins (15
kDa), glutelin's basic subunits (19 - 25 kDa), glutelin's acidic subunits (35 - 39 kDa)
and pro glutelin (45 - 57 kDa), were identified both under native (no 2-
Mercaptoethanol) and reducing SDS-PAGE conditions. Specifically, a higher weight
band at 70 kDa was only noticed in JR (raw and cooked) under native conditions,
indicating glutelin presence. This band nearly vanished in the presence of 2-
Mercaptoethanol, along with enhanced intensities of the smaller weight bands,
representing the glutelin basic subunit (19-25 kDa) and acidic subunit (35-39 kDa),
initially linked via disulfide bonds. Compared with raw rice (Fig. 4.6A; lane 1), the
protein pattern did not appear to differ significantly after cooking. An interesting
observation is that the 70 kDa and 50 kDa bands gradually lose intensity with
increasing LAGG concentrations, possibly due to proteins with higher molecular
weight being encapsulated in the LAGG domain (500 kDa) and being too large to

penetrate the gel matrix.

For JR under reducing conditions (Fig. 4.6B), the band at 50 kDa, supposed to be
glutelin precursor, visible in raw rice, was barely observed in cooked rice (lanes 2-
5), suggesting that disulfide bonds within rice protein were ruptured by cooking.
When the rice is cooked with LAGG, the protein pattern is similar to that of the rice
control (no LAGG), suggesting that LAGG does not alter the configuration of rice

protein during cooking.
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Fig. 4.8. SDS-PAGE profile of JR and PR proteins from rice raw and cooked with 0-
3 % LAGG. (A) native conditions, (B) reducing conditions. M: markers, 1 uncooked JR; 2
cooked JR; 3-5 cooked JR with 1-3 % LAGG; 6 uncooked PR; 7 cooked PR; 8-10 cooked PR
with 1-3 % LAGG.

Fig. 4.7 and Fig. 4.8 show the morphological properties of JR and PR, respectively. It
can be observed how those properties are nearly identical between the two rice
types (e.g., similar size and shape of kernels); moreover, the properties did not
change in the presence of LAGG. However, a structure with a "fabric string”
appearance was observed on the surface of cooked JR and PR cooked with 2 and 3
% LAGG, most likely due to the formation of self-structured hydrogels at the

peripheral region of the rice grain.

In PR, a thin protein layer adhering to and encircling the starch granules was visible
(Fig. 4.8C1) in the cross-sections (pericarp-endosperm) of the double-stained grain;
this led to an orderly structure, characterised by separate subgranules, which was
not apparentin JR (Fig. 4.7C1). Similar structural characteristics of the protein-starch
matrices have also been found in brown rice and other cereal crops, including
sorghum, corn, and kidney beans (Bugusu et al.,, 2002; Xu and Wei, 2020).
Additionally, ESEM images revealed that granule units were deformed in cooked JR
and PR, showing axial fissures and gluey outer surfaces with loose granules attached
(Fig. 4.7D1 and E1). The cross-section of cooked PR revealed a loose fracture plane

and exposed fused granule agglomerates (Fig. 4.8D1 and E1).

The cross-sections of LAGG-labelled cooked rice grains illustrate how LAGG

dispersion coats the grain. Upon cooking with 1 % LAGG, a coating appears along
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the pericarp of rice grains, with increasing penetration depth at higher LAGG
concentrations, especially at 3 % concentrations (Fig. 4.7B and Fig. 4.8B). The
double-stained cooked JR and PR with also revealed a greater amount of intact
protein networks and packed starch granules compared to the no LAGG control. As
LAGG concentration increases, opalescent rings, perhaps formed by the LAGG-
coating, appear around the outer layers of grains where stain solution penetration
is limited (Fig. 4.7C and Fig. 4.8C). Compared to JR and PR, which displayed obvious
pores and tunnels, JR_1LA and PR_1LA displayed smoother surfaces (Fig. 4.7E and
Fig. 4.8E).
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Fig. 4.9. Morphology of JR cooked with 0-3 %LAGG.

Morphology of the whole cooked grain (Scale bar = 1 cm) (A1-4); Fluorescence
observation of cooked rice containing DTAF labelled LAGG (Scale bar =1 mm) (B1-4);
Microtone section of cooked grain viewed under light microscope (C1-4). Protein
bodies appeared green with fast green staining, starch exhibited a blue-purple stain
from Lugol's solution, amylopectin-rich regions were purple, and amylose-rich regions
were blue. (Scale bar = 100 um); cross-section (D1-4) and (E1-4) surface of cooked
grain under ESEM (Scale bar =50 um)

136



A filamentous structure appeared on the surface of both JR_2LA and PR_2LA and
agglomerated into clusters shown in JR_3LA and PR_3LA, which were suspected to
be self-structured gel masses, as reported previously (Rupenthal et al., 2011). Under
ESEM (Fig. 4.7D and Fig. 4.8D), the shuttle-shaped protein-starch matrices were
even more visible in cooked rice containing LAGG, confirming that LAGG application

can preserve the integrity of cooked rice.
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Fig. 4.10. Morphology of PR cooked with 0-3 %LAGG.

Morphology of the whole cooked grain (Scale bar = 1 c¢cm) (A1-4); Fluorescence
observation of cooked rice containing DTAF labelled LAGG (Scale bar = 1 mm) (B1-4);
Microtone section of cooked grain viewed under light microscope (C1-4). Protein
bodies appeared green with fast green staining, starch exhibited a blue-purple stain
from Lugol's solution, amylopectin-rich regions were purple, and amylose-rich regions
were blue. (Scale bar = 100 um); cross-section (D1-4) and (E1-4) surface of cooked
grain under ESEM (Scale bar = 50 um)
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4.3.8 Textural profile and oral digestion (in vitro) of cooked rice.
4.3.8.1 Textural profile

The textural properties (hardness, adhesiveness, cohesiveness, and chewiness) of JR
and PR cooked in water or 1-3 % LAGG dispersions, determined by TPA, are shown

in Fig. 4.9.

Hardness Hardness
(A) (B)

Chewiness Adhesiveness Chewiness
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Fig. 4.11. Textural properties (hardness, cohesiveness, adhesiveness, and
chewiness) of JR (A) and PR (B) cooked in 0-3 % (w/w) LAGG dispersions in water.

Hardness is a measure of the force required to compress a rice grain initially, and it
describes its first “bite” (Yau &Huang, 1996; Tao et al., 2020). The cohesiveness
indicates the inner strength of the specimen, i.e., its resistance to deformation over
chewing. Chewiness is a measure of energy needed to masticate foods, which are
normally solid, whereas adhesiveness indicates the sample's tendency to stick to the
probe lifting after the first compression (Windham et al.,, 1997; Li et al., 2019).
Compared with cooked PR, cooked JR exhibited lower hardness, cohesiveness, and
chewiness but higher adhesion. Similar textural characteristics were reported
previously for PR, suggesting that parboiling strengthens the protein-starch matrices
rice (Ong & Blanshard, 1995; Zhang et al., 2022). As illustrated in the current study,
the more thermally stable protein network in PR would allow the starch granules to
remain compact during cooking, making the cooked PR microstructure more difficult
to rupture. Additionally, due to the resultant structure, fewer amylopectin
molecules leached out. Thus, the PR grain exhibited lower adhesive properties due

to the lack of amylopectin on the grain surface.
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Increased LAGG concentration resulted in increased hardness, cohesiveness and
chewiness in both rice types, and a reduce in adhesiveness in cooked JR. The
difference in chewiness and adhesiveness becomes significant between JR and
JR_3LA. Comparable results were also reported by Srikaeo et al. (2020) for waxy rice
cooked in 0.3, 0.5, or 0.7 % of LAGG - or other hydrocolloid (guar gum, xanthan gum,
sodium alginate) - dispersions. Also, similar texture modification effects of food
polysaccharides (gum Arabic and soybean soluble polysaccharides) on cooked rice
were reported by Ishihara et al. (2010). It is possible to attribute these changes to
the rigid textural nature of LAGG, which coated or filled pores and tunnels in the
kernels, retarding amylopectin leaching. Moreover, LAGG interacted with starch
chains (shown as a V-type starch crystalline structure) within the cooked rice grains

to enhance their cohesiveness.
4.3.8.2 Oral digestion (in vitro) of cooked rice

To assess the effects of “chewing” time, rice type, and LAGG addition (1-3%) during
cooking, on the bolus properties (particle size distribution and starch digestibility) in
vitro (i.e., simulating swallowable food mass in vivo), rice samples were
homogenised using a grinder for 10 or 20 seconds, to produce normal and fine
“chewed” rice (Jalabert-Malbos et al., 2007; Moongngarm et al., 2012; Sethupathy
et al., 2021). As shown in Fig. 4.10, JR and PR boluses had different particle size
distributions following 10 second of homogenisation (simulating normal mastication
pattern), as evidenced by the significantly higher d(50) value of PR (1.26 + 0.07 mm)
compared with JR (0.99 + 0.11 mm). This may be explained by a harder PR texture,
which makes it more resistant to the breaking effect of mastication. However, after
20 s homogenisation (simulating the fine mastication), PR and JR particles no longer
significantly differed in d(50) values (0.88 £ 0.08 mm for PR and 0.86 + 0.11 mm for
JR), indicating that further 10 s of chewing has a more disruptive effect on PR as its
particle size decreased to a larger extent. The explanation for this may again depend
on the more brittle (harder and less adhesive, Section 4.3.7.1) texture of PR, which
may tend to fragment into smaller pieces than JR, a more “plastic” material if

sufficient disruptive energy (prolonged chewing) is applied. Similar results were
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reported for pasta, where wholegrain pasta produced smaller particles than refined

pasta after normal mastication simulation (Blanquet-Diot et al., 2021).
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Fig. 4.12.Distribution of particle sizes in bolus of cooked JR and PR with 0-3 %
(w/w) LAGG addition after homogenization for 10 s (A) or 20 s (B).

The LAGG additions did not significantly change particle size distribution in the
respective JR and PR bolus following 10 s homogenisation. After 20 s
homogenisation, cooked JR samples containing LAGG displayed slightly larger d(50)
than JR with no LAGG. Conversely, among the four PR samples, the sample with the
highest LAGG concentration presented a lower d(50) compared to the others. LAGG
addition may generally increase the hardness of rice samples. However, although a

clear trend in the particle size distribution among the samples cannot be defined,
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LAGG might affect the texture properties of JR and PR to different levels. At 3 %
LAGG, PR becomes more brittle and more easily fragmented after 20 s
homogenisation. In contrast, in JR, there might be a restructuring of the fragments
caused by an interaction between LAGG and the JR amylopectin (more abundant

than in PR), which resulted in a larger particle size.

The starch digestibility in the oral phase of cooked rice with 0-3 % LAGG was
evaluated after three homogenisation times (0 s, 10 s, 20 s), simulating three
different eating behaviours, i.e., swallow, normal chewing, and fine chewing,

respectively (Moongngarm et al., 2012; Tamura et al., 2017; Mandalari et al., 2018).
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Fig. 4.13. Starch digestibility after the in vitro oral phase(Section 4.2.8.2). (A) rice
samples cooked in 0-3 % LAGG, digested after 0 s (no homogenisation), 10 s, or 20
s homogenisation. The dashed line separates JR from PR samples. (B) Starch
digestibility of JR and PR flours and their respective starch isolates. The asterisk (*)
and lines displayed in (B) represents P-value for which selected comparisons. * P <

0.05; ** p<0.01.

As shown in Fig. 4.11, the starch digestibility of all samples increased with prolonged
homogenisation, suggesting that maintaining grain integrity, especially protein-
starch matrices, plays a key role in controlling oral starch digestion. Starch
digestibility further increases in JR and PR flours, due to the extensive grain physical
disruption, consequently of the protein-starch matrices (Fig. 4.11B). This effect is
even more evident in JRS and PRS samples, as the protein had been previously

removed.
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It was found that cooking with LAGG significantly reduced starch digestibility for
intact JR. This could be due to the physical barrier of the LAGG-coating, which
prevents the penetration of amylase in the intact grain form. Upon homogenisation,
starch digestibility increases due to physical disruption of the grain, but in presence
of LAGG, the physical barrier is partially retained on the rice fragments, resulting in
reduce starch digestibility in the LAGG-coated JR samples. There could also be a
reduction in accessibility to salivary amylase due to the fragment retains its larger
size than rice control, which has also investigated and shown in terms of the particle
size distributions. No evidence of reduction was instead observed in intact PR
compared with PR with LAGG, perhaps due to the already low starch digestibility of
PR control (<5 %) (Fig. 4.11A). However, 20 s homogenised LAGG-coated PR had

lower starch digestibility than the 20 s homogenised PR control.
4.4 Conclusions

This study showed how physicochemical (pasting, thermal and hydration) and
microstructural (infrared spectra patterns, X-ray diffraction patterns and
morphology) properties of two types of cooked rice (JR — non-parboiled, PR —

parboiled) can be influenced by adding low acyl gellan gum (LAGG) in cooking water.

PR and JR had similar total starch contents, but PR had higher protein levels and
higher amylose/amylopectin ratio. Upon cooking raw rice, then cooling it to edible
state, a two-phase transition was observed as evidenced by the viscosity
(determined by RVA) and thermal profile (determined by DSC). It was observed that
with increasing LAGG concentration, the peak and final viscosities increased, while
the setback viscosity decreased. A trend of increasing enthalpy was also observed

for both endothermic and exothermic processes, although not significant.

For rice proteins, the molecular structure was unaffected by LAGG, as demonstrated
by the SDS-PAGE. The FTIR analysis showed that as LAGG concentration increased,
more B-sheet and less random coils were detected in cooked JR. This indicates that
cooking in LAGG dispersion promoted rice protein structural rearrangement to a

more stable form. In combination, these results suggest an interaction between
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LAGG and certain leached molecules, primarily amylose during cooking, resulting in
starch-LAGG complexes (XRD confirmed the formation of the V-type crystalline
structure) with decreased swelling power and water solubility. Microscopic
observation of cooked rice with LAGG revealed a core-shell structure with a protein-
starch matrices of cooked JR that remains more ordered than without LAGG. With
the increase in LAGG addition, cooked rice did not undergo significant changes in its
composition. However, the resultant structural changes led to increased hardness,
cohesiveness, chewiness, reduced adhesiveness, and significantly lower in vitro
starch digestibility in the oral phase. As a result, digested starch was below 5% even
with higher homogenisation times (to simulate finer chewing conditions).
Conversely, PR was less susceptible to LAGG-induced microstructural changes,
which could be due to the difference in protein-starch matrices with the presence
of denatured proteins along with pre-gelatinised starch. As a future work, the
potential on reducing starch digestibility of cooked rice with LAGG will be

systematically studied in the gastric and intestinal in vitro phases.
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Abstract

Rice kernel comprises starch granules encased in protein networks, critical in
controlling starch structural disintegration, digestibility, and related glycaemic
response upon consumption. In this study, we investigated: i) modes of protein-
starch matrices disintegration in two indica rice types, jasmine (not-parboiled) and
parboiled type, and how this affects cooked rice starch digestibility in a simulated
upper gastrointestinal environment. ii) The impact of in vitro oral fragmentation
(homogenisation) on starch digestibility, measured using modified digestion models
incorporating gradual protein hydrolysis. iii) The rice structure—digestibility profile
was evaluated using empirical kinetic models. The same methodology was applied
for rice cooked in low acyl gellan gum dispersions (1 % of the rice mass, w/w) to
evaluate the hydrogel's potential protective coating role in reducing starch

digestibility.

Results showed that multi-enzyme systems progressively removed rice protein
networks from the matrices. The starch digestograms of the intestinal phase
revealed two-phase digestion patterns (i.e., digestion fractions) with fast-to-slow
rates, demonstrating differences in enzyme accessibility towards digestible fractions
as digestion progressed. Parboiled rice exhibited a lower starch digestibility than
jasmine rice, although the physical disintegration of parboiled rice grain significantly
increased starch digestibility. Low acyl gellan gum showed promising results in
reducing starch digestibility in intact and homogenised rice models, playing an

encapsulating role similar to that of a protein network.

These findings can be a reference point for the food industry and consumers to
develop strategies for rice-based foods with reduced starch digestibility. In vitro
digestion models with multi-enzymes may help to gain a more comprehensive
understanding of the role of the protein-starch matrices in regulating enzymatic

hydrolysis on digestion.
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Highlights

Intact rice is less digestible from protein and starch than homogenised
rice.

In vitro oral processing of cooked rice induces microstructure
heterogeneity, which affects starch and protein digestion kinetics.
Starch hydrolysis is facilitated by food disintegration and the presence
of salivary a-amylase.

An increase in the rate and extent of starch digestion was observed in
conjunction with a higher level of protein digestion.

Rice cooked with low acyl gellan gum exhibits reduced starch

digestibility.

Keywords: protein-starch matrices, in vitro digestion, cooked rice digestibility, low

acyl gellan gum
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5.1 Introduction

White rice is a major component of the human diet, particularly in Asian cultures.
As a result of the manufacturing practices and cooking methods, its starch becomes
highly digestible, causing a spike in blood sugar levels. This has been linked to several
health risks, especially for individuals suffering from hyperglycaemia and diabetes
(Boers et al., 2015; Bhavadharini et al., 2020). In these terms, determining and
mediating the rate and extent of rice starch digestion profoundly impacts health
management. Although complex, starch digestion of cooked rice undergoes three
fundamental steps in vivo: i ) enzymatic diffusion (mainly a-amylases) and
adsorption, 2) formation of the enzyme-substrate complex, 3) catalytic event
(Butterworth et al.,, 2011). Several factors in grain structure affect enzyme
accessibility. In addition to the structural characteristics of rice starch (such as the
ratio of amylose to amylopectin and crystallite types), other components, such as
proteins (whose structural net encapsulates the starch granules), also contribute to
the starch digestion process (Hasjim et al., 2013; Dhital et al., 2015). Several recent
studies have demonstrated the mechanisms by which rice protein and its
hydrolysates play a role in controlling starch digestion(Chi et al., 2018; Li et al., 2021;
Lu et al., 2022). The rice protein networks can stabilise the starch structure as
physical barriers, thereby reducing starch gelatinisation and enzymatic accessibility.
Besides, rice protein is subjected to different stages of proteolysis upon
consumption, including gastric digestion by pepsin followed by further hydrolysis
simultaneously with starch by pancreatin during the interstitial phase. The water-
soluble peptide fragments from digested protein showed a substantial inhibitory
effect on starch digestibility. Meanwhile, residues of the water-insoluble protein
fractions remain bound to starch granules, reducing enzyme accessibility due to

steric hindrances (Yu et al., 2018).

Different researchers have explored methods to develop rice-based products with
slowly digestible starch. These include increasing resistant starch (RS) by transgenic
engineering(Cai et al., 2018) and precisely breeding rice varieties high in protein and

RS. However, some trade-offs are related to low yield and undesirable textural
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properties. In addition, several plant-based protein isolates and their hydrolysates
have been used as food ingredients to formulate fortified rice flour extruded rice
grains and are related rice-based products with reduced starch digestion rate at a
laboratory scale (Na-Nakorn et al., 2019; He et al., 2021; Shen et al., 2022). It should
be noted, however, that the protein may lose its role as a structuring agent and
hierarchical barrier in the recomposed rice kernels to prevent enzymes from
attacking starch granules. Rice protein is denatured during heated extrusion and no
longer appears as a network but as protein assemblies throughout the kernel. The
absence of protein-starch matrices makes functional rice more susceptible to
degradation during post-processing, like washing, cooking, and chewing
(Sivakamasundari et al., 2022). There is evidence that using a physical modification
such as parboiling (a hydrothermal treatment involving soaking, steaming, and
drying) can reduce starch digestibility and Gl, and a significant reduction can be
observed when pressure parboiling is applied (Larsen et al., 2000; Gunaratne et al.,
2013). Parboiling causes starch retrogradation and denaturation of protein bodies
and irreversibly alters the biopolymer's microstructure (Hapsari et al., 2016). During
the cooking of parboiled rice, the denatured proteins also interact with gelatinised
starch through hydrophobic interactions and hydrogen bonding, forming peripheral
layers of the protein-starch matrices. The structure inhibits the hydration of the
internal starch granules and their enzyme availability (Lépez-Bardn et al., 2017).
Similar strategies can be adopted to modify domestic cooking-storage methods
(Hapsari et al.,, 2016; Liu et al.,, 2019). A further approach for developing rice
formulations with low-glycaemic index (Gl) is by addition of hydrocolloids, such as
guar gum and gellan gum, which would embed the starch substrates of foods in
hydrocolloid networks, reducing their exposure to the enzymatic processes (Chung

et al., 2007; He et al., 2020).

Determining Gl in in vivo conditions is crucial. Still, it can be challenging to do so
reproducibly and accurately due to inherent differences among individuals,
particularly human subjects. Monitoring food behaviour in the gastrointestinal tract

is technically demanding, and ethical and financial concerns must also be
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considered. Therefore, a growing interest has been in modelling digestion as an
alternative technique to understand starch digestibility from a food perspective to
improve consumer health through better-informed food product design. Digestion
systems exhibit a high level of physical-chemical complexity, but they are still based
on mechanical movements similar to those already available in food processing
(Bornhorst et al., 2016). For example, chewing, blending, and mixing food in the
upper digestive pathway is analogous to the food process's crushing, grinding, and
homogenising processes. A majority of previous studies have been conducted using
simple models such as rice starch and slurry to assess the starch digestion of cooked
rice as well as evaluating the catalytic activity of enzymes directly influenced by
proteins or their hydrolysates (Amin et al., 2018; Chi et al., 2018; Li & Hu, 2020).
However, a need remains to investigate howthe textural properties of protein-
starch matrices in cooked rice grains and their breakdown during digestion
contribute to starch digestibility. For example, Tamura et al.(2016) investigated the
necessity of simulating oral processing for starch digestion of cooked rice. They
found that the rate of starch digestion increased significantly in correlation with
grain damage intensity. Hardness-induced differences in bolus (chewed food mass
before swallowing) have been demonstrated to affect starch and digestion kinetics
in wheat (Wu & Warren, 2023), sorghum flour (Xu et al., 2022), and pasta (Blanquet-

Diot et al., 2021; Li et al., 2021), yet such evidence of cooked rice remains limited.

The hypothesis underpinning this research posits that cooked rice can have a lower
starch digestibility if the protein network is preserved. Additionally, it is postulated
that this effect can be augmented by utilising low acyl gellan gum to maintain the
integrity of the rice grain by hydrogel coating. To do so, two food model cases were
considered in this study: intact (case 1) and homogenised (case 2) rice. In case 1, the
protein-starch matrices were mainly intact at the beginning of the digestion process,
whereas in case 2, the matric structure had been damaged by homogenisation,
which simulated oral processing. A modified in vitro digestion model series
incorporating gradual protein hydrolysis was developed to assess 1) how protein-

starch matrices affect protein and starch digestion behaviour; 2) how in vitro oral
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fragmentation (case 2) impacts protein and starch digestibility; 3) empirical kinetic
models were used to evaluate rice structure—digestibility profile. In addition, the
above methodology was applied to rice cooked in low acyl gellan gum dispersions
(1%, w/w) to determine if the formed hydrogel could have a protective coating role

in reducing starch digestibility.
5.2 Materials and methods

5.2.1 Material

Two white rice types in this work were selected for their different glycaemic index
(GI). The Gl of a food refers to the % of starch digested in a defined amount of time
(usually 2 h), compared with a reference (glucose or white bread, with 100 % relative
starch digestibility, i.e., Gl equal to 100). Foods are normally classified as high (>70)
and low (<55) Gl, according to their starch digestibility (Atkinson et al., 2021). In this
study, high-Gl rice type (89 > 70), Thai Jasmine rice (JR, Green Dragon Thai Hom Mali
Aaa, non-parboiled, purchased date: December 2018), and low-Gl rice type, easy-
cook long grain white rice (also known as parboiled rice, PR, purchased date January
2019) were from a local supermarket in Nottingham, UK. Both rice (Oryza sativa) are
indica varieties. Low acyl gellan gum (LAGG) powder was purchased from CPKelco,
UK. The reagents used to produce simulated salivary fluid (SSF), simulated gastric
fluid (SGF), and simulated intestinal fluid (SIF) were prepared as reported in the
INFOGEST method (Brodkorb et al., 2019). In the present study, the bile salt of the
intestinal phase was not included, as the fat content in white rice is negligible. All
reagents used for digestive solutions, including enzymes, were of analytical grade
and supplied from Sigma-Aldrich, UK. Enzyme activity (Tab. 5.1) was determined
using the procedures by Brodkorb et al. (2019).

159



Tab. 5.1. Product code and experimentally measured activity for salivary a-
amylase, pepsin, pancreatic a-amylase, trypsin, and pancreatin (consisting of
pancreatic a-amylase and trypsin) used in this study. Different superscripts indicate

the activity of different enzymes in the same enzyme complex.

salivary a- epsin pancreatic a- pancreatin (a- trvosin

amylase pep amylase amylase/trypsin) s
Product code P1750, 4xUSP

A1031 P7 A317 ! T
(Sigma-Aldrich) 031a 000 3176 specification 0303
(ES/Z:’nrz)e AVIY 44621 557.52  15.281/0.243 31.411/2.303 4.523

1 1 unit/mg represents the capability of liberating 1 mg of maltose from soluble potato
starch (52630, Sigma-Aldrich) in three mins at a pH of 6.9 at 20°C.

21 unit/mg represents the capability of liberating 1 mg of Tyrosine from the haemoglobin
digestion at pH 2.0 at 37°C.

31 unit/mg represents the capability of hydrolysing 1 umole of p-toluene-sulfonyl-L-
arginine methyl ester (TAME) per min at pH 8.1 at 25°C.

5.2.2 Preparation of cooked rice samples

Rice was cooked according to the manufacturer's instructions and previous studies
(Chatthongpisut et al., 2015; Liu et al., 2019). JR or PR (100 g), pre-washed in water
and dried at room temperature, were cooked in a rice cooker (NEDIS, KarcO6wt-
power 300w, Leicester, UK) with 150 g of distilled water (1:1.5 rice-to-water ratio;
w/w) for approximately 15 mins (until no excess water was present). The cooked
rice was then kept in the rice cooker in warm mode (65-70°C) for 10 mins to fully
gelatinise the starch in the grain, as determined by visual inspection (no white core
in the cooked rice kernels) (Srikaeo et al., 2020). Besides pure water, JR and PR were
also cooked in a 1 % (w/w of raw rice) aqueous LAGG dispersion using the same
cooking method; samples produced in this dispersion were coded as JR_1LA and

PR_1LA, respectively.
5.2.3 Proximate analysis of cooked rice samples with and without LAGG

A moisture analyser (MB120, OHAUS, New Jersey, USA) was used to measure the
moisture content of cooked rice samples at 105°C with air circulation according to
AOAC Official Method 934.01 (AOAC, 2005a). The cooked rice crude protein content
(dry matter) was measured using the official AOAC method 930.29 with a nitrogen-

to-protein conversion factor of 5.95 (AOAC, 2005b). The protein profile was
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estimated by sodium-dodecyl-sulphate polyacrylamide gel electrophoresis (SDS-
PAGE), with and without B-mercaptoethanol as a reducing agent. The total starch
was measured using AOAC 996.11 with a total starch assay kit (AA/AMG, Megazyme,
Co. Wicklow, Ireland). The amylose content of the cooked sample was estimated
using the iodine colourimetric method, as described by Tamura et al. (2014). All

analyses were performed in triplicate.
5.2.4 Invitro digestion experiments

These experiments were performed to gain a better understanding of how protein
networks affect the starch digestibility of cooked rice in vitro by simulating in vivo
conditions where proteins were progressively digested under the action of pepsin,
pancreatin and trypsin. According to INFOGEST static in vitro protocols, a series of
three-phase in vitro digestion (IVD) models with multiple enzyme conditions were
developed to analyse the digestion of proteins and starches in cooked rice (Fig. 5.1,

description in Tab. S1). (Brodkorb et al., 2019).
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Fig. 5.1. Schematic representation of the seven static in vitro digestion sets. Each set consists of oral, gastric, and intestinal phases, containing the
respective simulated digestion fluids and different combinations of digestive enzymes.
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In vitro digestion experiments were independently performed on two aliquots (5 g)
of each rice sample type, cooked as described in Section 5.2.2. A quantitative
evaluation of digested protein and starch was conducted in duplicate for each

aliquot.
5.2.4.1 Oral phase

To understand the effect of structural integrity on starch digestibility, in vitro
digestion was performed on samples of cooked rice (120 g, wet weight) pre-
homogenised in a household blender (HB605, Kenwood, Havant, UK) for 20 s and
compared with non-homogenised (intact; 0 s homogenisation) cooked rice samples.
Oral phase digestion was conducted by Fernandes et al. (2020). In brief, rice samples
(5 g) were mixed with 5 mL of simulated salivary fluid (SSF). For Set 7, add the SSF
containing salivary a-amylase to achieve an activity of 75 U/mL in the digestion
mixture. The mixture was incubated for 2 min at 37°C under constant rotation (50
rpm) in a tube rotator (Fisherbrand™, Thermo Scientific, Hemel Hempstead, UK).
Then, aliquots (100 uL) of the mixture were withdrawn and dispersed into 1.5 mL
microcentrifuge tubes containing 100 uL of “stop solution” (0.3 M Na;COs, pH 9) to
inactivate the enzyme, which will later be used to determine the starch digestibility

(oral phase).
5.2.4.2 Gastric phase

The simulated gastric fluid (SGF; 8 mL) was added to the oral mixture to deactivate
the salivary a-amylase. The gastric phase was then initiated by adding 2 mL of SGF
to reach a final volume of 20 mL. From Set 3 to Set 7, 2 mL of pepsin solution
(prepared in SGF) was added to reach a final volume of 20 mL with 2000 U/mL pepsin
activity. Enzyme blanks containing pepsin and SGF, but no sample, were also
performed as samples. The mixture was incubated at 37°C for 30 mins under
constant rotation (20 rpm). The pH of the gastric mixture was measured every 10
mins and maintained at 3 using 1M HCI. Aliquots (100 uL) of the mixture were
withdrawn after 30 min incubation and dispersed into 1.5 mL microcentrifuge tubes
containing 100 uL of “stop solution” (0.3 M Na,COs, pH 9) to inactivate the pepsin,

which will later be used to determine the starch digestibility (gastric phase).
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5.2.4.3 Intestinal phase

Following the gastric phase, 16 mL of simulated intestinal fluid (SIF) was added to
the gastric chyme and the pH was adjusted to 7 with NaOH (1 M). Subsequently, 4
mL of SIF containing pancreatic a-amylase (20 U/mL digesta) or pancreatin (a-
amylase activity 20 U/mL digesta as per pancreatic a-amylase, automatically
achieving 1.5 U/mL trypsin activity), were added to the mix to reach a final volume
of the intestinal mixture of 40 mL. The mixture was incubated at 37°C under

constant rotation (10 rpm) for 180 mins.

In addition, protein degradation occurring within the intestine phase due to trypsin
proteolysis was also investigated. As in Set 6_PTA, after the gastric phase with
pepsin, the first 19 mL of SIF with trypsin is added to the chyme (20 mL) to achieve
the 1.5 U/mL total digesta as trypsin activity as having in pancreatin (like Set 2_P)
for 180 mins, before starting starch digestion by adding final 1 mL SIF with a-amylase
to reach the 20 U/mL total digesta. A subsequent period of protein digestion was
monitored over specified times. A control (Set 5_PTA con) with the same conditions
but without trypsin was used to examine the effect of the 3-hour incubation step on
dispersing the protein network. While adding pancreatic a-amylase or pancreatin, a
100 ul aliquot of digesta was withdrawn from the digestion mixture at 0, 5, 10, 15,
20, 30, 45, 60, 90, 120, and 180 mins to study the kinetics of starch digestion
(intestine phase). Each aliquot was mixed with 100 uL of “stop solution” (0.3 M
Na.COs, pH 9) to stop the amylase activity and measure the degree of starch
hydrolysis. Moreover, other 100 ulL aliquots were withdrawn from the digestion
mixture at 0, 15, 30, 60, 120, 180 mins, each time mixed with 100 ulL of a Bowman-
Birk trypsin-chymotrypsin inhibitor solution (0.05 g/L) to stop the trypsin activity and

measure the degree of protein hydrolysis.

Blanks corresponding to the enzymes and simulated digestion fluids, but no rice,
were run through the same digestion and sampling process to identify the amount
of hydrolysed protein belonging to the enzyme. This value was subtracted from the
total digested protein measured in the samples to determine the actual digested
rice protein.
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5.2.5 Quantitative evaluation of starch and protein digestion

Soluble molecules released in the digestion fluids over time were quantified as
described in Sections 5.2.4.1, 5.2.4.2 and 5.2.4.3 for starch and proteins,
respectively. Digested proteins were quantified as the amount of soluble hydrolysed
protein fractions (DSPF) and free amino groups in the digestion fluids. The DSPF was
quantified using two methods to cover a wider spectrum of peptide size, as
suggested by Hall et al. (2022): Two methods were conducted using i) bicinochinic
acid (BCA) for fractions ranging from 10 kDa to tripeptides and o-phthaldialdehyde
(OPA) for fractions ranging from 6 kDa to free amino acids, including bioaccessible
hydrolysate fractions (tripeptides to amino acids). Prior to the BCA test, digested
protein samples were filtered using an Amicon® Ultra-4 centrifugal filter device
(4000 rpm for 10 mins at room temperature) with a cut-off value of 10 kDa. After
centrifugation, the digesta were washed with 75 uL of MilliQ® water and centrifuged
twice, allowing protein fractions (< 10 kDa) trapped in the filter membrane to be

collected.
5.2.5.1 Determination of digested starch

A colourimetric analysis, par-hydroxybenzoic acid hydrazide (PAHBAH) assay, was
performed to determine the amount of digested starch, following the method
described by Edwards et al. (2019). Aliquots were collected at various points to
determine the concentration of maltose in the samples. By referring to the standard
curve produced with the maltose standard, maltose equivalents were calculated for
each sample. Then, the maltose equivalent concentration units can be further

converted into the corresponding percentage of digested starch using Eq.5.1.

[maltose],

Digested starch = x 100 % (Eq.5.1)

[maltose] substrate
Where:

[maltosel]: is the maltose equivalent concentration in the liquid phase of the

digesta at a given time.

[maltose]substrate is the concentration of maltose equivalent (starch yet not

hydrolysed to maltose) in the food sample at the beginning of the reaction.
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This is based on the theoretical assumption that all the starch in the sample

will be converted to maltose.

5.2.5.2 Determination of digested soluble protein fragment (DSPF) by BCA

assay

A BCA protein assay kit (Pierce™ BCA Assay, Thermo Fisher Scientific, Waltham, MA,
USA) with standard 96-well microplates method was used to analyse digested
samples at each time point using bovine serum albumin (BSA) as a reference
standard. The samples were diluted to determine concentrations within the
standard curve of 20-2000 mg BSA/mL, mixed with the working reagents, and
incubated at 37°C for 30 min before analysis. DSPF concentration was determined
by measuring the absorbance at a wavelength of 562 nm (absorbance wavelength
of the complex bicinchoninic acid-Cu(l), used in the BCA protein method)
(SpectraMax M5 microplate reader, Molecular Devices, US) and calculated using

Eq.5.2, as described by Almeida et al. (2015):

Ps — P,

DSPF = ( ) %100 % (Eq5.2)

tot
Where:

Ps is protein fragment content in digestion fluids
Py is protein fragment content in blanks (Section 5.2.4)

Pwt is the concentration of total proteins in the mass before digestion.

Protein content measured as N content x 5.95 (the conversion factor)

The obtained DSPF curve (the accumulative increase over time) was evaluated by

fitting a first-order association model, as proposed by Bhattarai et al. (2016).

5.2.5.3 Determination of degree of protein hydrolysis by o-phthaldialdehyde
(OPA) method

The OPA method measures the percentage of free amino groups (-NH2), and it can
be used to determine the degree of hydrolysis (DH) resulting from rice protein
degradation. Following the procedure described by Jiménez-Munoz et al. (2021), the

assay was conducted in 96-well microplates. The digested protein samples were
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derivatised with OPA in the presence of 2-mercapto-ethane sulfonic acid, which
produced 1-alkylthio-2-alcylisonindol compound, whose concentration was
measured using a UV/VIS spectrophotometer (SpectraMax M5 microplate reader,
Molecular Devices, US) at 335 nm. Digested fluids containing enzymes, but no
samples were used as blanks, and the obtained OPA values were subtracted from
the OPA values of the sample. The results were calculated using a standard L-
glutamic acid curve (0—8 mM in 0.5M perchloric acid). The resulting absorbance
values were converted to free amino groups (mmol/L as mmol of glutamic acid

equivalents). The DH (%) was calculated with Eq.5.3.

h
DH =—x100% (Eq.5.3)
htot

Where:

h is the amount of free amino groups expressed in glutamic acid equivalents
(g/L; based on 147.13 g/mol glutamic acid molar mass, used as an average

mass for the amino acid population).
htot is the total concentration of rice protein in the original dispersion (g/L).
5.2.6 Analyses of starch digestion kinetics and predicted glycaemic index

Starch digestibility curves (in Section 5.2.5.1) can be used to estimate and predict
key nutritional indices (Edwards et al., 2014, 2018). The kinetic models used in this

study are the same illustrated and summarised in Fig. 5.2.
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Fig. 5.2. Schematic of kinetic models applied on starch digestibility curve. According
to the starch digestibility curve, the dots represent the proportion of starch digested by
enzymes as a function of time. On the starch digestibility curve (black line), the dots indicate
the percentage of starch digested by enzymes over time. The percentage of starch digested
at the endpoint of each reaction is calculated with k; and k. The Cetotal is calculated by
combining Co, Cw; and Cee2. By comparing the incremental AUC of the rice sample with that
of the reference food (white bread), Hl is calculated. Figure adapted from Edwards et al.

(2014, 2018).
5.2.6.1 Logarithm of slope (LoS) fitting of starch digestion curve

A first-order kinetic model can describe the starch digestion curve as C; =
Coo(l — e"kt). Here, C: represents the concentration of maltose (digested starch) at
a given time. C- is the estimated concentration at the endpoint of digestion, and k

is the digestion rate constant. These two values can be calculated by analysing the

logarithm of the slope (LoS) plot form as In (Z—S) = In( C,,k) — kt, as Butterworth et

al. (2012) reported.

Linearised first-order kinetic models generally describe simple starch substrates
digested at a single rate, such as rice starch isolates (Li et al., 2021). For more
complex substrates involving lipids and proteins, such as rice or wheat, nonlinear
plot modes are more frequently reported (Edwards et al., 2014; Zou et al., 2015; Li
& Hu, 2020). Although there could be more phases, biphasic digestogram models
with two monophasic digestograms with different rates are commonly used to

describe these slope discontinuities. Thus, a first-order equation with a piecewise
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function was used to profile the overall starch digestion curve as proposed by

Edwards et al. (2014), as shown in Eq. 5.4.
Cy = Coog X (1 —e7K1XY)
Hif(t > ting, (Coop X (1 — e k2%t 0)  (EQ.5.4)
Where:
tint, the time of intersection of the two plots
k (k1 and ky) are the respective rate constants

Ce (C1 and Cw;) is the predicted digested starch proportion at the reaction

endpoint of each digestion fraction.

If the digestion curve is a linear phase, tint does not exist, and only the first part of

this Eq. 5.4 applies.

5.2.6.2 Combination of parallel and sequential (CPS) kinetic model fitting

starch digestion curve

The combination of parallel and sequential (CPS) kinetic model proposed by Li et al.
(2020) was applied in the digestion curve, as shown Eq. 5.5.
C(t) =Cp1 X (1 - e‘let)
Hif(t > tagare (Cop X (1 — e K2X(Et2stard ) 0)  (Eq. 5.5)

The CPS kinetic model utilises some of the parameters used in the LoS model (Co,
Ce1, C2, k1 and kz), with the addition of a parameter called tastart. When tastart = 0, it
follows the parallel digestion pattern (fractions | and Il digest simultaneously). If
tastart > tint, the sequential digestion pattern (fraction Il follows fraction ) is followed.
If O < tostart < tint, @ combination of parallel and sequential digestion patterns (as in

parallel, but fraction Il continues while fraction | become negligible) occurs (Li et al.,

2020).
5.2.6.3 Predicted glycaemic index

Predicted glycaemic index (pGl) is an approach to estimate a food's impact on the

glycaemic index based on its digestibility. This work simulated the digestion of
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cooked rice samples in a three-stage static in vitro digestion model with enzyme

complexes (human a-amylase, pepsin, and pancreatin) (Set 7, Section 5.2.4).

The hydrolysis index (HI, as shown in Fig. 5.2) was the ratio (%) as the area under
the digestibility curve up to 90 mins (AUC90sample) Of the test sample compared with
white bread as the reference food (AUC90eference). The pGl was calculated based on

Eq. 5.6 (Tamura, 2016).
pGI = 39.71 + 0.549HI (Eq.5.6)
5.2.8 Measurement of the particle size distribution in digested fluid

After finishing Set 7 (Section 5.2.4), 5mL of digested fluid was withdrawn and mixed
with 5mL of stop solution (1:1 v/v). The mixture was then kept at ambient
temperature without interruption for 10 mins for segmentation. The particle size
distribution of the digested fluid from the segmented digested sample was
measured using a laser diffraction particle size analyser with a liquid system module

(LS 13 320, Beckman Coulter, Inc., Buckinghamshire, UK).
5.2.9 Statistical analysis

Using Statistical Package for Social Science Software (version 27, Chicago, USA), a
one-way ANOVA was used to determine the difference between samples. Tukey's
test was used to determine the significance of the average (p < 0.05) when there

were any differences between samples.

170



5.3 Results

5.3.1 Sample condition

The main composition and texture properties of cooked JR and PR, with/without 1
% LAGG, are reported in Tab. 5.2. Both JR and PR, cooked with and without LAGG,
had similar moisture content - ~60 % (w/w) - as reported previously (Dibba et al.,
1991; Felix et al., 2013). The total starch content did not differ among all four
samples, whereas amylose and protein content were significantly higher in PR and
PR_1LA than in JR and JR_1LA. The higher amylose content in PR than in JR agrees
with previous studies (Ong & Blanshard, 1995; Gong et al., 2019).

As for texture characteristics, PR had a higher hardness but a lower adhesiveness
than JR, which might be due to the increased strength of the protein-starch matrices
in rice obtained through parboiling (Gong et al., 2019). Moreover, JR_1LA and
PR_1LA had lower adhesiveness than JR, possibly due to the LAGG-coating effect
(Chung et al., 2007).

After homogenisation for 20 s, the proportion of grain fragments that passed
through the sieve (< 1mm) in PR and PR_1LA was significantly higher than in JR and
JR_1LA (values in Tab. 5.2), indicating a tendency for the more brittle grain (PR) to
break into smaller fragments under certain processing condition. Similar results
were also shown for in vivo masticated cooked rice (Jalabert-Malbos et al., 2007;

Kataoka et al., 2013).
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Tab. 5.2. Proximate analysis (g/100g) and mechanical properties of cooked JR,

JR_1LA, PR, and PR_1LA.

Rice type JR JR_1LA PR PR_1LA
Moisture content 62.85+2.81* 62.80+2.06° 62.54+0.60° 62.92 +0.85%
Protein 2.64+0.32° 2.64+0.24> 3.32+0.53° 3.30+0.77%
Total starch 32.33+1.92° 32.00%£0.99° 30.25+1.627 30.28+1.70°
In which amylose 549+0.99° 570+1.06° 8.08+0.432 7.79 £0.51°
Hardness (N) 42.69+1.09° 47.12+1.67°® 51.20+1.81* 50.47+1.3°
Adhesiveness (N/s) 9.88+£0.39° 10.31+0.43* 10.92+0.26° 9.80 % 0.60°
d(50)* (mm) 0.86+0.11° 1.00+0.12% 0.88+0.08® 0.89+0.13°

Mean t S.D. values in the same row with different superscripts are significantly
different from each other (p < 0.05).

*Median particle size d(50) refers to the theoretical mesh size through which 50 % of
the rice mass after 20 s homogenisation could pass)

Protein compositions of the four rice samples before and after cooking were

analysed using non-reducing and reducing SDS-PAGE, as shown in Fig. 5.3A and B.

{A) Non-reducing SDS-PAGE (B) Reducing SDS-PAGE
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Fig. 5.3. SDS-PAGE patterns of rice proteins under (A) non-reducing and (B)
reducing conditions. M: Molecular weight marker proteins. For both (A) and (B), lines 1—
3 represent raw JR, cooked JR and cooked JR_1LA, respectively; lines 4-6 represent raw PR,
cooked PR and cooked PR_1LA, respectively.

With SDS-PAGE under the non-reducing conditions (Fig. 5.3A), high molecular
weight proteins over 55 kDa were detected in JR and JR_1LA but not in PR and
PR_1LA. The absence of the high molecular weight band in PR may be attributed to
the disruption of disulfide bonds during the parboiling process (Derycke et al., 2005).
Moreover, the JR rice protein profile appears not to have been altered by cooking
since the same band pattern was observed in raw and cooked rice with and without
1 % LAGG. With SDS-PAGE under reducing conditions (Fig. 5.3B), the bands > 55 kDa

in JR samples (lines 1-3) tended to disappear after cooking (especially for JR) with
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two low-weight protein bands at 22-23 kDa and 37-39 kDa becoming more visible
(Fig. 5.3B), indicating the initial presence of a polymeric form stabilised by disulfide
bonds in JR samples. The results also suggest that the LAGG did not interfere with
the protein extraction process. The absence of further bands in rice protein with
LAGG suggested that complexes of LAGG covalently bound to protein fractions were

not detectable.
5.3.2 Protein digestion

The protein digestion during the gastric and intestinal phases from non-
homogenised (intact grains), and homogenised rice samples, both cooked, under 6
different proteolysis conditions (Set 1 to Set 6), is presented in this section. The
guantitative description of protein digestion kinetics was performed using a first-

order kinetic model (Bhattarai et al., 2016).
5.3.2.1 The effects of different proteolysis conditions

In Fig. S1, the DSPF (%) and DH (%) for Set 1 to Set 6 are presented as time functions.
The estimated kinetic parameters are shown in Tab. 5.3. The analysis first point (t=
0) corresponds to the end of the gastric phase and simultaneously to the beginning
of the intestinal phase after adding the SIF (pH=7) to terminate the existing pepsin
activity (Pletsch & Hamaker, 2018; Wang et al., 2017). The oral phase is not included,

as protein digestion is negligible in this phase.
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For Set 1_A and Set 2_P, as shown by Yo (i.e., the percentage of digested protein at
the beginning of the intestinal phase), most protein remains undigested in all
samples in the gastric phase (digested protein less than 2 %; Tab 5.3), suggesting the
acidic environment without pepsin cannot induce sufficient protein digestion.
During the intestinal phase, though, the presence of protease (pancreatin) in Set
2 P allowed substantial release of DSPF, and hydrolysates compared to Set 1_A
(control), where only a-amylase was used, which is known to be responsible for
starch digestion primarily. Despite the absence of protease, DSPF and DH increased
over time, although to a much lower extent than for the other sets. The increase in
DSPF and DH in Set 1_A could depend on the diffusion of the digestion solution and
starch digestion, which would both promote the dissolution of protein networks.
Trypsin remaining active in the a-amylase product may also contribute to releasing

protein fragments.

When pepsin was included in the digestion model (Set 3 to Set 6), significantly higher
DSPF and DH were observed in comparison with Set 1_A and Set 2_P (Fig 5.4), as
also shown by the Yo values in Tab 5.3, which also increased intestinal protein
digestion rates and extents. Kinetic analysis of the intestinal phase revealed
significantly higher K and Span values in the presence of pancreatin (Set 4_PP)
compared to only a-amylase (Set 3_PA). Results showed that both DSPF and DH
rates and extent in Set 6_PTA were significantly higher than any other digestion
conditions. In rice grains treated with trypsin, the increased hydrolysis may be
caused by the degradation of the protein networks, which is detectable in the
control but barely visible after treatment with trypsin, in accordance with

microscopy observation (Fig. 5.4A and B).
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Tab. 5.3. Kinetic parameters of DSPF (BCA method) and DH (OPA method) in cooked rice digested under different conditions, evaluated by fitting
a pseudo-first-order association model (Case 1: intact rice).

DSPF DH
Koser (min 1) Yeonspr (%) Yo pspr (%) Spanoser (%) R? Kon (min 1) YeonH (%) YooH (%) Spanox (%) R?
A 0.004+0.001 ¢ 7.38+1.18°¢ 1.66 £0.07¢ 571+1.15¢ 0.9544 0.004 + 0.001° 6.41 + 0.34°¢ 1.38 £0.30¢ 5.03 £+ 0.14°¢ 0.9544
P 0.009 + 0.001® 11.96 + 3.01° 1.50+0.09°¢ 10.46 + 2.52° 0.9823 0.008 + 0.002° 15.57 £ 1.84° 1.44 £0.27¢ 14.12 £+ 1.57° 0.9823
PA 0.007 +£0.003 ® 15.61+1.25*° 8.99+0.37°" 6.62 +1.28°¢ 0.9243  0.007 £ 0.003° 15.31+0.29° 5.72 +0.24° 9.58 + 0.15% 0.9243
PP 0.013 £0.004 ® 19.75+1.11° 9.17 +0.49° 10.57 +0.91° 0.9678 0.014 +0.001° 16.51 +0.24° 6.39 + 0.35° 10.12 £ 0.20° 0.9678
ETA—CO 0.009+0.001° 22.38+0.57° 9.74+0.10° 12.64+0.66°  0.9954 0.010 +0.003° 16.01+1.04°  7.30+0.10° 8.71+1.13% 0.9954
< PTA 0.027 £0.002 2 39.10 £ 0.75° 18.64 +0.16° 20.46 + 0.652 0.9416 0.024 + 0.001° 31.91+2.41° 17.05 +1.34° 14.86 + 0.64° 0.9416
From Set 1_Ato Set 6_PTA in JR, different letters over each column indicate significant differences (p < 0.05)
Koser (min 1) Yeonspr (%) Yo pspr (%) Spanpser(%) R? Kon (min 1) YeonH (%) YooH (%) Spanox (%) R?
A 0.004 +0.002 © 4.46 £0.65°¢ 1.38+0.12° 3.08+0.69°¢ 0.9361 0.004 +0.001° 3.93+0.75¢ 0.51+0.05°¢ 3.42 +0.74° 0.9444
P 0.008 £0.001° 13.10+1.70% 1.19+0.17°¢ 11.90+1.63° 0.9928 0.007+0.001° 12.21+0.60° 0.46+0.12°¢ 11.75+0.63° 0.9933
PA 0.007 £0.001% 10.93+1.69¢ 3.78+1.12° 7.15+1.73 k¢ 0.9790 0.005 +0.002 © 6.90+1.85°¢ 1.84+0.10° 5.06 +1.75°¢ 0.9495
PP 0.013 £0.002 ® 17.97+0.25°> 5.19+1.08" 12.78+1.30® 0.9325 0.013+0.002° 13.23+2.23%  2.01+0.31° 11.22+2.51° 0.9325
< :TA—CO 0.011 +0.003°® 9.46+1.16°¢ 4.07 £1.23° 5.39+0.93° 0.9645 0.010 +£0.002° 8.59+7.09° 2.62+0.32° 5.97 + 6.79 0.9656
-
o;c PTA 0.024 +0.002 ® 24.73+0.40°% 6.21+0.97° 18.51+0.782% 0.9811 0.022 +£0.001° 23.02+1.66% 6.21+0.66° 16.81 + 1.04° 0.9610

From Set 1_Ato Set 6_PTA in JR_1LA, different letters over each column indicate significant differences (p < 0.05)

Kpser and Koy represent the reaction rate constants; Yopspr and Yopr are the DSPF and DH at time 0; Yepspr and Yeopn are the estimated DSPF and DH at the end

of the digestion process; Spanpspr and Spanpy are DSPF and DH in the intestinal phase, calculated as Yeopser - Yonser and Yepu- Yoon, respectively.
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DSPF DH
Koser (min 1) Yeonspr (%) Yo pspr (%) Spanpser(%) R? Kon (min 1) YeonH (%) YooH (%) Spanon (%) R?
A 0.003+0.001¢  6.09 + 1.44¢ 1.49+0.02° 4.61+1.43° 09919 0.004+0.001° 3.93+0.75¢ 0.51+0.05° 3.42+0.74° 0.9444
P 0.007 £0.001° 9.97 +0.53¢ 1.03+0.02° 894+0.56° 0.9518 0.007+0.002°  13.21+0.60° 0.46+0.12°  12.75+0.63" 0.9933
PA 0.009+0.003° 8.63+0.95° 4.05+0.17° 558+0.78° 0.9095 0.005+0.002° 6.90 + 1.85¢ 1.84+0.10°  5.06 +1.75¢ 0.9495
PP 0.014 £0.001° 18.19+1.35° 4.37+1.11° 13.83+1.392 0.9908 0.013+0.002° 13.23+2.23% 2.01+0.31° 11.22 +2.51° 0.9325
PTA_con 0.009 +0.001% 16.91+1.11° 438+1.11° 12.53+1.20° 0.9818 0.010+0.002°  12.59 +7.09" 2.62+032> 997+6.79° 0.9656
X pTA 0.026+0.0042 29.24+0.26° 13.63+0.22*® 15.61+0.45° 0.9385 0.022+0.001° 23.02 +1.66° 6.21+0.66°  16.81+1.04° 0.9610
From Set 1_A to Set 6_PTA in PR, different letters (a—d) over each column indicate significant differences (p < 0.05)
A Koser (min 1) Yeonspr (%) Yo pspr (%) Spanpser(%) R? Kon (min 1) YeonH (%) YooH (%) Spanon (%) R?
P 0.003 + 0.001°¢ 2.30+£0.41°  0.35+0.04 1.95 +0.37¢ 0.9581 0.003+0.001° 2.43+0.41¢ 0.19+0.01¢  2.25+0.37¢ 0.9664
PA 0.006 £ 0.002°  9.54 +3.20 0.35+0.06° 9.19+3.14®> 0.9909 0.006+0.002° 9.83+1.75° 0.32+0.14% 9.51+1.67° 0.9912
PP 0.010+0.002°¢  6.64 +0.36° 2.64+0.57°  4.00+0.39° 0.9530 0.005+0.001° 6.89+1.30° 1.74+0.13°  5.15+0.24¢ 0.9836
< PTA_con 0.014+0.003° 11.99+0.80° 3.66+0.72° 832+0.69°® 09499 0.010+0.002° 12.00+0.87° 1.41+0.43° 10.59+1.44*® 0.9761
dl PTA 0.011 + 0.003" 12.66+1.13* 534+1.27° 732+0.86° 09636 0.012+0.001° 10.14+0.23° 3.50+0.43> 6.64+0.57° 0.9456
x A 0.018 + 0.000° 22.87+0.25° 8.87+0.14* 14.00+0.25* 0.9961 0.023+0.001* 20.49 +0.83° 7.10+0.45°  13.40+1.17? 0.9841

From Set 1_A to Set 6_PTA in PR_1LA, different letters (a—d) over each column indicate significant differences (p < 0.05)

Kpser and Kpn represent the reaction rate constants; Yopser and Yopn are the DSPF and DH at time 0; Ye.pspr and Yepy are the estimated DSPF and DH at the end
of the digestion process; Spanpspr and Spanpyare DSPF and DH in the intestinal phase, calculated as Yeopser - Yonser and Yepn- Yoon, respectively.
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Fig. 5.4. Microstructural comparison of JR grain (upon gastric digestion with
pepsin) following 2h incubation with (B) (Set 6_PTA) or without (A) (Set
5_PTA_con) trypsin proteolysis. In (A), it is observed in the disintegrated grain factions
that the remaining protein networks (green) embed the starch granules (purple) but not in
(B). Trypsin hydrolyses proteins, decreasing the matrix effect and revealing more individual

starch granules.

5.3.2.2 Protein digestion differs by rice type.

Although PR displayed similar protein digestion behaviour to JR under different
conditions, differences could be identified by kinetic analysis (shown in Tab 5.3).
Similar to JR, as the complexity of the digestion set systematically increased from
Set 1_A to Set 6_PTA, the rate and extent of DSPF release and DH in PR gradually
increased and became significantly higher under Set 4_PP and Set 6 _PTA than Set
1_A. Unlike JR, PR has comparable Span values for Set 4_PP and Set 6_PTA. Set
6_PTA with pre-proteolysis with trypsin, DSPF and DH reached a plateau at 60 mins
after a-amylase was introduced (Fig. S1). As a result, although the digestion rate in
PR differs from Set 4-5 (linear increase) and Set 6 ( increase with plateau), the
amount of digested protein at the end of digestion (Span, % ) was similar. This
suggests that pre-proteolysis can be more effective than increasing the total amount

of digestible protein.
5.3.2.3 The effect of LAGG-coating

The digestibility of proteins in the cooked rice with and without LAGG was similar
when the digestion sets were identical, as shown in Fig. S1A2, B2, A4, and B4. Based
on the kinetic modelling (shown in Tab. 5.3), there were no significant differences

in the K of DSPF and DH in both JR and PR with and without LAGG, digested with the
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same set. However, under similar Kpspr and Kpy, Y- of DSPF and DH were lower when
LAGG was present, particularly when pepsin was involved, as in Set 3_P, Set 4 PP

and Set 6_PTA.

As shown in Tab. 5.3, Yo of JR_1LA and PR_1LA is less than half compared to those
in JR and PR, suggesting that LAGG suppresses protein digestion with pepsin under
gastric conditions. This is likely a result of the more compact microstructure of rice
due to the presence of a LAGG gel coating, whose strength would be enhanced at
pH 3 and further restrict the diffusion of pepsin (gastric conditions) (Bradbeer et al.,
2015). This is in line with the results reported by Santos & Cunha (2018); self-
structured gels are known to exhibit greater cohesiveness (higher rupture stresses)
at acidic conditions due to hydrogen ions bounding to available anionic sites on the

LAGG, causing decreased distance between the helices of LAGG.

During the intestinal phase, hydrolysis continued with trypsin for 180 mins. DSPF
and DH were lower in JR_1LA and PR_1LA than in JR and PR (values in Tab. 5.3),
perhaps due to the physical barrier provided by LAGG remaining stable in the
intestinal phase and reducing the accessibility of trypsin to proteins. These findings
are supported by a study by de Silva et al. (2015) on the degradation behaviour of
LAGG hydrogel after immersion in trypsin solution for 42 days. LAGG gel swelling
was observed (swelling ratio of 45 %) due to hydration, but the gel structure
remained stable with a mass loss of less than 10 %. A further possibility could be a
reduced trypsin activity due to a shortage of calcium ions previously cross-linked
with LAGG gel. By preventing the formation of inert enzyme aggregates during
digestion, calcium ions in SIF solution ensure that trypsin activity is maintained
(Bergmeyer et al., 1983). In the presence of LAGG, calcium ions can reduce the
negative charge of LAGG to a greater degree than hydrogen ions due to their ability

to cross-link one pair of helices (Morris et al., 2012; Santos & Cunha, 2018).

However, the suppression effect of LAGG was diminished when a-amylase was
present (Set 6_PTA). As shown in Tab. 5.3, there was no significant difference in
Span and K in both rice types with and without LAGG. One explanation is that
digested starch released from the matrix exposed more proteins, thus proteolytic

178



sites for trypsin. Reactivating inert trypsin is another possibility when the a-amylase
is added to the system. Pancreatic a-amylase contains calcium and can be
hydrolysed by trypsin, providing external calcium ions to provoke more trypsin

activity (Hsiu et al., 1964; Granger et al., 1975).
5.3.2.4 The effect of homogenisation

After undergoing homogenisation (Fig. $8), all rice samples, regardless of their types
and whether LAGG was added, had higher protein digestibility than their intact
counterparts, as showed by the higher Yopser, Koser and Yeopspr in the homogenised
samples (Tab. 5.4), especially from Sets 2_P to 6 _PTA, i.e., when proteinase was
involved in the digestion. The higher DSPF in homogenised rice could result from
grain structure disintegration due to homogenisation. However, for the
homogenised samples, DH from Set 1_A and Set 2_P does not significantly differ
from the intact samples, whereas a significant increase in DH was observed
following the introduction of the pepsin in the digestion protocol (from Set 3_PA
onward). This suggests that a proteolytic enzyme is still the initial factor for protein
hydrolysis. Moreover, introducing a trypsin incubation step further increases DSPF
and DH, as shown in Set 6_PTA. Besides trypsin hydrolysis, an increase in protein
digestion was also observed in Set 5_PTA_con, which may be due to the dissolution
effect of the digestive solution after three hours of incubation. In fact, at Yo, Set
5 PTA_con had slightly higher DSPF and DH than Set 3_PA, which has the same
enzyme composition as Set 5_PTA con but no incubation step. Interestingly, by
comparing those two sets, the protein digestion increase was only observed after
introducing the a-amylase into the system. The results indicate that a-amylase can

also assist in protein digestion during incubation by facilitating protease dissolution.

In homogenised PR, DSPF reached a similar final digestion amount as DH and
followed a similar protein digestion rate (Fig. S8C1 and C2, and Tab. 5.4). Yepspr and
Y-pn Values of homogenised PR remained lower than those of homogenised JR.
Given the similar composition of proteins in JR and PR, as shown by SDS-PAGE in Fig.
5.3, this indicates a more ordered structure of the protein-starch matrices, which
may limit the accessibility of enzymes.
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Tab. 5.4. Kinetic parameters of DSPF (BCA method) and DH (OPA method) in cooked rice digested under different conditions, evaluated by fitting a
pseudo-first-order association model (Case 2: homogenised rice).

DSPF DH
Kpspr (min ) Yeonspr (%) Yo bser (%) Spanbser (%) R? Kon (min?) YeonH (%) Yoon (%) Spanoh (%) R?
A 0.005 +0.001 ¢ 14.23+0.24 ¢ 3.27+0.25°¢ 1096 +1.49¢ 09689 0.007+0.003°¢ 8.05+1.71¢ 1.45+0.24¢ 6.60+1.47°¢ 0.9630
P 0.013+0.001°¢ 21.92+2.28¢ 3.69+0.16 ¢ 18.24+1.26¢ 09793 0.013+0.003° 16.51+1.85¢ 2.64+0.59¢ 12.87+0.77° 0.9664
PA 0.011+0.002 ¢ 13.72+1.80°¢ 8.89+0.37° 5.47 £0.86 ¢ 0.9672 0.012+0.002° 14.56+1.53°¢ 544+0.40°¢ 11.13+1.39° 0.9751
PP 0.028 £0.003° 33.65+2.79° 9.64+1.35° 24.02+2.59° 09820 0.028+0.003® 21.32+1.29° 7.24+0.38°¢ 14.08+2.21° 0.9224
PTA con 0.024 £ 0.002° 27.10+0.74°¢ 11.22+1.19°%  15.21+2.19¢ 09543 0.016+0.001° 25.04+2.35" 11.15+0.04°> 13.90+1.33° 0.9917
x PTA 0.033+0.002? 54.65+1.28° 21.51+0.30° 33.16+0.30° 0.9804 0.036+0.005% 41.22+0.392 19.15+1.24% 22.08+2.15% 0.9473
From Set 1_Ato Set 6_PTA in JR, different letters over each column indicate significant differences (p < 0.05)
Koser (Min?) Yeospr (%) Yo psr (%) Spanpser(%) R? Kon (min 1) YoopH (%) YooH (%) Spanox (%) R?
A 0.005 +0.002 © 9.16+2.28°¢ 2.52+0.09¢ 6.64+2.22°¢ 0.9362 0.005+0.00¢ 558%0.35°¢ 1.16 +0.05¢ 4.42+0.30°¢ 0.9511
P 0.012+0.001° 19.52+1.42° 2.69+0.16 ¢ 16.88 +1.45°> 0.9886 0.008+0.002° 21.52+3.70° 1.47+0.41°¢ 20.06+3.292 0.9747
PA 0.010 £ 0.000°" 10.46 +0.15 ¢ 421+0.37° 6.25+1.20¢ 0.9831 0.005+0.001¢ 19.56+5.13" 1.37+0.37¢ 18.19+4.65° 0.9673
< PP 0.012 +0.003° 22.20+2.08° 6.81+1.35° 21.14+2.45° 09740 0.014+0.003® 25.06+1.63° 1.56+0.79¢ 23.50+1.462 0.9751
dl PTA con 0.013+0.001° 19.53+1.42° 9.78+1.19° 12.20 + 43" 0.9962 0.010+0.001° 19.26+2.60" 452+0.12° 14.74+2.71° 0.9948
x PTA 0.031+0.004 ? 35.00+0.81° 19.49+3.30° 22.54+1982 09664 0.032+0.002° 33.08+1.37°? 10.65+0.25% 22.43+0.41% 0.9811

From Set 1_Ato Set 6_PTA in JR_1LA, different letters over each column indicate significant differences (p < 0.05)

Kpser and Koy represent the reaction rate constants; Yopser and Yopn are the DSPF and DH at time 0; Yepspr and Yeopn are the estimated DSPF and DH at the end of the
digestion process; Spanpsprand Spanpy are DSPF and DH in the intestinal phase, calculated as Yepser - Yooser and Yeopn- Yopr, respectively.
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DSPF DH
Koser (min ) Yeonspr (%) Yo oser (%) Spanoser (%)  R? Kon (min1) YeonH (%) YooH (%) Spanox (%) R?
A 0.007+0.001 ¢ 10.26+0.52°¢  1.93+0.09°¢ 8.33+0.44 2 0.9495 0.006+0.002 ¢ 7.54+0.13° 0.87+0.13 ¢ 6.67+1.13 ¢ 0.9908
P 0.015+0.002 © 21.1041.38¢  2.15%#0.55°¢ 18.95+0.55°¢ 0.9656 0.019+0.005° 18.62+2.78° 0.74+0.52°¢ 17.8842.30°  0.9549
PA 0.010+0.001 ¢ 13.30+1.25¢ 5.60+0.74° 7.70+0.26 2 0.9027 0.009+0.002°¢  13.2042.07¢ 3.13+0.14° 10.074£2.04 ¢ 0.9605
PP 0.023+0.001°  29.06+1.26° 5.95+0.73°  23.11#0.54° 0.9607 0.016+0.003° 27.62+1.06° 3.89+0.55°  23.73#1.60°  0.9701
PTA_con 0.016+0.001°¢  20.49+2.31¢  7.31%1.19° 13.17#0.33° 0.9335 0.015+0.003° 18.02#3.32¢ 5.60+1.35° 12.4242.97° 0.9818
E PTA 0.030+0.001° 37.04+1.17° 17.63+2.12° 19.41+1.182% 0.9658 0.027+0.003 2 34.70£2.21° 16.36+2.62 ° 18.35+0.47° 0.9385
From Set 1_A to Set 6_PTA in JR, different letters over each column indicate significant differences (p < 0.05)
Koser (Min?) Yeonspr (%) Yo pspr (%) Spanoser(%) R? Kon (min2) YoonH (%) YooH (%) Spanox (%) R?
A 0.003+0.001 ¢ 7.09+1.44 ¢ 0.49+0.02 ¢ 6.61+1.43°¢ 0.9919 0.004+0.001¢ 3.19+0.75 ¢ 0.38+0.05 ¢ 2.80+0.74¢ 0.9843
P 0.00740.001 © 9.97+0.53 ¢ 1.03+0.02 ¢ 8.9440.56 ° 0.9518 0.006+0.001°¢ 10.60+0.60°¢ 0.56%0.12 ¢ 10.7140.63° 0.9606
PA 0.00940.003 © 8.63+0.95°¢ 4.05+0.17°" 4.58+0.78 ¢ 0.9095 0.008+0.002°¢ 10.08+1.85°¢ 3.04+0.10° 7.04+1.75° 0.9116
< PP 0.014+0.001%* 18.1941.35° 4.37+1.11° 13.83+#1.392 0.9908 0.011+0.002® 16.89+2.23" 3.52+0.31° 13.39+2.51° 0.9869
HI PTA_con 0.009+0.002 ¢ 16.91+1.11° 4.38+1.27° 12.53+1.20°% 0.9818 0.006+0.002 ¢ 16.51+7.09° 4.69+0.32° 14.8116.79° 0.9592
E PTA 0.018+0.002° 22.87+0.25?2 8.87+0.14° 14.00+£0.252% 0.9961 0.023+0.001°? 20.49+0.83° 7.10£0.45° 13.40£1.17° 0.9772

From Set 1_A to Set 6_PTA in JR_1LA, different letters over each column indicate significant differences (p < 0.05)

Koser and Kpn represent the reaction rate constants; Yopser and Yopn are the DSPF and DH at time 0; Ye.pspr and Yepn are the estimated DSPF and DH at the end of the
digestion process; Spanpsprand Spanpy are DSPF and DH in the intestinal phase, calculated as Yepspr - Yooser and Yeopn- Yopr, respectively.
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During the parboiling process (soaking-steaming-drying), proteins undergo
structural modification via intermolecular interactions, aggregation, and network
formation, resulting in compact protein aggregates with reduced surface area,
which reflects a reduced number of cleavage sites for pepsin exposed to the gastric
phase (Derycke et al., 2005; Pal et al., 2018). Since SDS-PAGE profiles did not reveal
bands at larger molecular weights in PR, these aggregates are probably caused by
hydrophobic interactions between the proteins denatured by heat treatment rather
than covalent bonds. During parboiling, the proteins may have unfolded, exposing
the hydrophobic residues, then rearranged in a way to reduce exposure of
hydrophobic residues, which are the ones preferred by pepsin (Ahn et al., 2013),

thus decreasing protein digestibility.
5.3.3 Food model case 1: starch digestibility of cooked grain
5.3.3.1 The effect of protein digestion on starch digestibility

As shown in Fig. 5.5, the starch digestion curves of intact JR grains and the relative
LoS kinetics (Section 5.2.6) are plotted under progressive protein digestion (Sets 1
to 6). As shown in Tab. 5.5, the model produced an acceptable fitting of the
digestograms (R? > 0.9). The model could distinguish between the various starch
digestible fractions present within the system, and the observed trend can be
explained using the first-order kinetic models (Edwards et al., 2014; Butterworth et
al., 2022). In JR, a single digestion pattern was observed in Set 1_A, which agreed
with previous studies on rice starch (Li & Hu, 2020) and rice flour (Li et al., 2021).
This suggests that most of the starch present in JR is structurally homogeneous,
which facilitates its hydrolysis by a-amylase. A significant increase in digested starch
was observed during pancreatin digestion (Set 2_P), occurring simultaneously with
protein hydrolysis. In Set 2_P, a two-phase digestion pattern was identified,
demonstrated by LoS fitting with discontinuity in a linear correlation pattern,
suggesting the appearance of heterogeneous digestible fractions. Similar starch
digestion patterns have been reported previously in pasta (Zou et al., 2015), cooked

wheat noodles (Li et al., 2021), and retrograded rice starch (Gong et al., 2019).
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As observed, a first-reaction phase corresponds to a rapidly digestible starch phase
(k1, C1; Section 5.2.6), followed by a second reaction phase, which refers to a slowly
digestible starch phase (k2, C-2). There was a nearly eight-fold higher digestion rate
for the rapid reaction (ki) compared to the second reaction (kz). The intersection
between the two linear phases of the LoS plot reveals that the slower phase
dominates after 20 mins of hydrolysis under the digestibility conditions (pancreatin)
used in the experiment. The results are in line with the definition of Englyst et al.
(1992) for rapidly digestible starch, which is described as starch types that quickly
break down into glucose within 20 mins. The rate constant for the second phase, ka,
is slightly lower than that obtained for single-phase amylolysis (0.015 for Set 2_P vs.
0.019 for Set 1_A).
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Fig. 5.5. In vitro starch digestion of cooked JR grains. Circles correspond to the

experimental values; all error bars represent standard deviations (n =

4). Letters Ato F

represent from Set 1_A to Set 6_PTA, triangles with dashed lines correspond to LoS plots.
Squares and crosses correspond to digestible fractions | and Il of starch based on CPS
kinetics model fittings for the digestion curves.



Tab. 5.5. Kinetic fitting (LoS and CPS) with constant rates fitting for JR and PR with and without 1 % LAGG addition (intact rice).

Co (%) ki (min) Co1 (%) tint (Min) ka (min?) Coz (%) R? ki (mint) Co1 (%) tastart (Min) ka (mint) Cwz (%) R?
A 5.6010.72°¢ 0.019+0.002¢  62.25+0.96° — — — 0.9762 0.021+0.000¢ 50.49+2.31® — — — 0.9992
P 5.36+0.10¢ 0.122+0.002¢ 26.77+1.83¢  14.5+0.0° 0.015+0.002* 34.56+1.98° 0.9806 0.123+0.009° 29.04+3.61° 19.04+1.21* 0.0174#0.001° 41.58+2.93  0.9990
PA 10.75£0.79®  0.071+0.002¢ 19.62+3.52¢  15.0+0.0? 0.008+0.002° 27.85+3.12° 0.9905 0.079+0.001¢ 22.07+3.86% 23.37+0.93° 0.009+0.001¢ 35.86+5.11°> 0.9999
PP 11.17+#1.33>  0.138+0.007° 44.54+2.01®> 15.0%0.0? 0.015+0.003° 34.18+1.26° 0.9736 0.135+0.012® 45.67+2.38* 24.50+2.29° 0.017+0.001® 44.43+5.18* 0.9991
PTA
con 11.4741.55®  0.124+0.007° 42.04+3.56°> 15.0%0.52 0.016+0.001* 32.41+3.86° 0.9449 0.114+0.007°¢ 38.57+#0.14°> 25.04+1.05* 0.015%#0.001° 34.58+3.36°® 0.9995
e =
- PTA 22.04+2.242 0.155+0.002®  46.23+2.80¢ 15.0+1.0° 0.015+0.001*> 31.78+5.67%® 0.9841 0.175+0.007° 47.50+0.97° 21.59+1.27° 0.017+0.001*° 38.44+1.07° 0.9991
From Set 1_A to Set 6_PTA in JR, different letters over each column indicate significant differences (p < 0.05)
A 1.36+0.46 0.013+0.001¢ 29.73+0.69¢ — - - 0.9494 0.012+0.001°¢ 36.20+0.69° — — - 0.9985
P 5.70+0.64 ® 0.016+£0.002°> 54.41+1.83> — — — 0.9047 0.015+0.001¢ 60.03+2.80° — — — 0.9992
PA 6.06+1.46° 0.014+0.001¢ 52.93+2.97° — — — 0.9484 0.013+0.002¢ 56.06+1.81° — — — 0.9994
PP 5.91+0.56° 0.018+0.000° 65.13+3.69° — — — 0.9304 0.017£0.001°¢ 73.93+2.992 — — — 0.9988
< PTA
;.'I con 9.15+1.77° 0.072+0.012*  32.21+3.03* 15.00+0.00° 0.020+0.002°  37.49+2.40? 0.9479 0.081+0.012% 32.86+2.35¢ 16.50%+2.45% 0.005+0.001* 24.86+3.03® 0.9987
o« =
= PTA  11.23%1.38* 0.110+0.008° 36.56%+1.34> 14.83+0.29* 0.013+0.001*> 38.19+4.38° 0.9426 0.162+0.010° 49.59+2.48° 15.00+0.14*> 0.010+0.001° 36.80+1.74® 0.9982

From Set 1_A to Set 6_PTA in JR_1LA, different letters over each column indicate significant differences (p < 0.05)

Mean = S.D. calculated from triplicate measurements. For each parameter (column), the different superscript letters indicate values among the four samples are
statistically different (p < 0.05). Values presented here are: the concentration of digested starch (Co, %) at the beginning of intestinal digestion phase; starch digestion
rate constants of rapid (ki) and slow phase (k;), corresponding estimated percentage of digested starch (C.1and Cez, %), tint is defined as the time intersection of two
distinct digestion phase (estimated from LoS model), and tasart is defined as the time intersection of two distinct digestion phase (estimated from CPS model). The

goodness of curve-fitting (reflected by R?).
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Co(%) ki(min?) C1 (%) tint (Min) kz (min?) C2 (%) R? ki (min?) Co1 (%) tastart (Min) ka2 (mint) Coz (%) R?
A 2.35+0.98° 0.043+0.001°¢ 16.13+1.682 16.80+0.32° 0.008+0.001° 35.09+3.53¢ 0.9474 0.037+0.017¢ 12.03+0.23¢ 21.92+3.582 0.006+0.001° 35.16x4.52 ¢ 0.9995
P 1.15+0.31° 0.052+0.002® 21.56+1.852 20.92+0.922 0.003+0.000¢ 30.88+5.17¢ 0.9310 0.047+0.007° 27.37+1.96° 25.33+2.00® 0.002+0.000¢ 31.54+2.37°¢ 0.9976
PA 3.48+0.50° 0.053+0.001° 28.87+2.72° 16.5043.04° 0.004+0.000¢ 33.43+2.98°¢ 0.9325 0.047+0.02° 22.1442.50° 23.86+1.97° 0.004+0.001° 37.31#5.19°¢ 0.9757
PP 3.68+2.192 0.101+0.007° 47.19+0.242 14.50+0.00°® 0.010+0.0012 45.75+1.852 0.9448 0.089+0.007°2 19.25+#1.28° 26.07+1.532 0.008+0.0022 44.66+2.352® 0.9918
PTA
con 2.04+0.64° 0.088+0.004° 31.19+2.612 14.70+0.51° 0.07+0.001° 46.59+3.432 0.9641 0.092+0.0142 21.96+2.74® 22.52+2.502 0.008+0.0022 50.55%5.61° 0.9996
o —
o PTA 4.95+1.062 0.093+0.004° 40.82+0.27° 14.05+0.07° 0.010+0.0042 50.32+1.402 0.9608 0.094+0.0042 27.10+0.482 25.00+1.00° 0.009+0.001° 49.89+2.48°? 0.9982
From Set 1_A to Set 6_PTA in PR, different letters over each column indicate significant differences (p < 0.05)
A 1.02+0.08*  0.029+0.008¢ 11.58+2.24¢ 14.70£1.48° 0.006+0.001° 20.58+1.48¢ 0.9455 0.028+0.002¢ 19.72+0.19®  24.14+1.74®  0.003%0.000¢ 23.36%1.15°¢ 0.9992
P 1.50+0.12° 0.049+0.001¢ 15.3140.44° 15.07+0.99° 0.006%0.001° 26.62+3.68° 0.9482 0.051+0.032° 25.57+2.592 25.7310.46° 0.007+0.001° 29.4442.19b¢ 0.9997
PA 3.14+0.75*  0.059+0.006*  20.73+0.69° 15.38+2.01° 0.008+0.000a  30.19+2.71° 0.9279 0.061+0.015° 26.31+1.34° 25.49+0.85°  0.005+0.001° 32.95+6.88° 0.9996
PP 2.83+0.32*  0.066+0.0082 24.45+1.19° 15.23+0.23° 0.011+0.001®  48.85+3.73° 0.9310 0.070+0.0062 29.87+£1.11° 24.91+1.74° 0.009+0.000° 39.41+5.57° 0.9997
PTA
é con 4.45+0.11° 0.050+0.007¢ 23.1943.69° 15.01+0.02° 0.009+0.002° 46.93+2.70° 0.9552 0.56+0.028° 28.81+2.40° 23.46%2.51° 0.009+0.001°  40.22+0.86 0.9999
[
& pTA 5.3740.20* 0.075%0.0082 26.6414.87° 15.00£0.00° 0.012+0.002° 56.24+2.12* 0.9883 0.080+0.003® 31.35+3.28? 26.86+£1.49*  0.011+0.0012 56.15+2.65° 0.9996

From Set 1_A to Set 6_PTA in PR_1LA, different letters over each column indicate significant differences (p < 0.05)
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Mean % S.D. calculated from triplicate measurements. For each parameter (column), the different superscript letters indicate values among the four samples are
statistically different (p < 0.05). Values presented here are: the concentration of digested starch (Co, %) at the beginning of intestinal digestion phase; starch digestion
rate constants of rapid (ki) and slow phase (k,), corresponding estimated percentage of digested starch (Ce.1and Ce, %), tint is defined as the time intersection of two
distinct digestion phase (estimated from LoS model), and tasart is defined as the time intersection of two distinct digestion phase (estimated from CPS model). The

goodness of curve-fitting (reflected by R?).



Furthermore, two successive increases in protein hydrolysis were observed due to
both gastric (pepsin) and pancreatic proteases (primarily trypsin). Upon treatment
with pepsin, which reduced the protein content in the food system, a nearly two-
fold increase in starch was observed in digestion fluids at time 0, as shown in Fig.
5.5C (Set 3_PA) and D (Set 4_PP). An exponential association pattern was also
observed, as in the presence of pancreatin only (Set 2_P). This corresponds to ki
being nearly eight times higher than k;, contributing to one-third of the maximum
digestion ratio in 20 mins. During pepsin-pancreatin digestion (Set 4_PP), ki
significantly increased, while K, remained similar to pancreatin only (Set 2_P),
leading to a higher starch digestibility (90.62 %) than rice digestion without pepsin
treatment (65.27 %) (Set 2_P). Set 6_PTA combines pepsin and trypsin to remove
proteins at maximum levels. A two-phase digestion of starch follows. The rates of
the rapid phase have increased to their highest levels, while ko remained similar to

other sets.

The estimate for C~1 and Cw; indicates each amylolysis phase's contribution to the
total starch degradation. With simultaneous digestion of protein and starch with
pancreatin (Set 2_P), the C1 contributes less than Ce; to total starch digestion than
that in the pre-treatment with pepsin followed by a-amylase (Set 3_PA). A
combination of pepsin-pancreatin digestion (Set 4_PP) resulted in a fairly even
contribution of the two reaction phases to the estimation of total starch digestion
extent. It can also be noticed that when protein is predigested by pepsin-trypsin,
C-1 contributes more than C-; to the total amount of starch digestion. The results
indicated that when intrinsic protein was enzymatically removed from the rice
structure, there was an increase in both the rate and percentage of starch
hydrolysis. Similar results have been reported in pasta and wheat (Zou et al., 2015;

Bhattarai et al., 2016).
5.3.3.2 Starch digestibility differs by rice types

Cooked PR was digested by the same six sets used to assess JR to understand how
rice type affected rice digestibility. PR had slower starch digestibility than JR in each
digestion set, as confirmed by the kinetic model fitting (Tab. 5.5), with lower k1 and
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Cw1 in PR than in JR. Aside from having a higher protein content with lower
digestibility and high-amylose content, the protein-starch matrices configuration in
cooked PR can also contribute to slowing down digestion. By microscopic
observation (Fig. 5.6) of cooked rice samples prior to digestion, JR appears to have
a less ordered microstructure (damaged protein networks with highly swollen starch
form homogeneous protein-starch matrices) than PR (a denser protein network
surrounding a limited number of swollen starch granules). Accordingly, JR may be
more enzymatically accessible than PR (Ong & Blanshard, 1995; Derycke et al.,
2005).

When rice protein digestion was sequentially proteased, JR and PR showed similar
digestion rates (Kpser and Kpn), resulting in similar intestinal protein digestion
(Spanpser and Spanpy) and slightly lower protein digestion in PR concerning higher
PR protein content. Relative protein digestibility for both JR and PR followed the
trend: Set 1_ A <Set2 P<Set3 PA<Set4 PP<Set5 PTA con < Set 6 _PTA. PR
exhibited two distinguished digestion phases in all sets (as shown in Fig. S2). As
protein was removed from the rice grain, the ki values increased in PR, similar to JR
(although to a lower extent for PR), which indicates that a reduction in native protein
networks correlates with an increase in starch digestion (Zou et al., 2015; Tamura et
al., 2017). Also, PR starch is less digestible, which may be attributed to the more
ordered crystalline structure produced by parboiling, providing greater resistance to

enzymatic hydrolysis (Tian et al., 2018; Sivakamasundari et al., 2020).
5.3.3.3 The effect of LAGG addition on starch digestion

The starch in vitro digestion patterns for JR_1LA and PR_1LA are presented in Fig. S2
and Fig. S4. The kinetic parameters are summarised in Tab. 5.5. In both rice types,
LAGG reduced the starch digestibility, although to different extents. Compared to
JR, a slower digestion phase was observed during the first hour of digestion for
JR_1LA, which gradually reached a plateau by the end of the test (Fig. S2). The LoS
plot of JR_1LA revealed more single-phase digestion patterns from Set 1_A to Set
4 PP, with lower k than those of JR (Tab. 5.5). As in Set 6_PTA and Set 5_PTA_con,
the starch hydrolysis is again divided into two phases, and LAGG remains effective
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in reducing starch digestibility, as JR_1LA has much lower ki and C-1 than JR. LAGG
reduces starch digestibility in PR during the rapid phase, as evidenced by the lower

k1 but not k; in starch hydrolysis of PR from Set 4_PP to Set 6_PTA.

A difference between PR and JR grain structures may affect LAGG's ability to
decrease starch digestibility. Fig 5.7 shows the surface microstructure of rice
samples before and after amylase hydrolysis (as Set 1_A) (rows 1 and 3). Cooked JR
exhibits protuberances with concave regions under ESEM, whereas in the presence
of LAGG, a smoother surface with thin filament aggregates is observed in JR_1LA;
the cooked, non-hydrolyzed PR surface shows visible pores and tunnels (C), which

are masked and filled by the hydrogel in PR_1LA (D).

After a-amylase hydrolysis (Fig. 5.6row 3), JR (A) and PR (C) showed a more damaged
surface, with open pores and enlarged tunnels, whereas JR_1LA (B) and PR_1LA (D)
showed a smoother surface, with less evident damage. As LAGG may have been
present in the tunnels of hydrolysed JR_1LA (B) and PR_1LA (D), it sealed up the
intergranular spaces and fissures on the grain, thus serving as a physical barrier to
enzymatic degradation. As observed in Fig. 5.6 rows 2 and 4, showing the respective
cross-section imaging of rows 1 and 3, the rice grain morphology seems to change
also to a certain distance (~100 um) from the surface, suggesting a degree of
penetration of LAGG, in JR_1LA and PR_1LA, compared to the respective non-LAGG

samples.

In summary, imaging suggests a protective effect by LAGG, which would limit
enzyme accessibility to starch and prevent starch from leaching out of the rice grain,

resulting in lower starch digestibility.
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Fig. 5.6. Scanning electron micrograph of (A) JR, (B) JR_1LA, (C) PR and (D) PR_1LA.
Row 1 (surface) and 2 (cross-section): cooked pre-digested samples. Row 3 (surface) and 4
(cross-section): respective digested (Set 1_A) samples.

Even though the hydrogel began to fade and lose strength during the intestinal
phase (pH 7)in Set5_PTA con and Set 6_PTA, a reduced starch digestibility of LAGG-
coated samples was still expected due to the encapsulating effect of LAGG. These
results are consistent with those described previously for LAGG gel stability changes

during digestion (Santos & Cunha, 2018).
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5.3.4 Food model case 2: Protein and starch digestibility of cooked and

homogenised rice
5.3.4.1 Effect of protein digestion on starch digestibility

The kinetic parameters related to starch digestion of the homogenised JR, JR_1LA,
PR, and PR_1LA (Fig. S5 to Fig. S8) are summarised in Tab. S2. The rapid phase was
reduced to less than 15 min with protein hydrolysis (Set 2_P to Set 6_PTA).
Compared to the intact samples, starch in homogenised rice samples digested at a
faster rate (higher ki), especially when the proteinase was involved. It can be
hypothesised that homogenisation directly impacted the starch availability towards
a-amylase, especially when proteins were removed enzymatically. These results
align with previous findings, which showed that the starch digestibility of white rice

increased following a 120 s homogenisation step (Tamura et al., 2016, 2017).
5.3.4.2 Starch digestibility differs by rice types

As a result of homogenisation, the differences between JR and PR are less evident
than those in intact grains (Section 5.3.2). In fact, within the first 20 minutes of
digestion, PR still displays a lower rate of starch digestion than JR (lower ki).
Afterwards, a second phase of digestion occurred at a slightly higher rate (kz) than
JR (Fig. S5 to Fig. S8; Tab. S2). These factors result in comparable starch digestibility

for JR and PR at the end of the digestion cycle.
5.3.4.3 The effect of LAGG addition on starch digestion

JR_1LA and PR_1LA had lower ki but similar ko compared to JR and PR (Tab. S2).
Overall extent of digested starch was similar at the end of the sets. It suggests that
the attenuating effect of LAGG on starch digestibility was more related to the rate
than the extent of digestibility. This mitigating effect (albeit limited) on starch
digestibility by LAGG may be explained by a physical barrier role of residual LAGG
contained in a population of the aggregates forming the homogenised rice mass.
Aggregates with LAGG may entrap aggregates without LAGG and reorganise into
larger clusters due to the presence of cations (mono- and di-valent) in the gastric

phase, which would facilitate interaction between LAGG chains from different
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aggregates (Funami et al., 2008; Kohyama et al., 2021). Due to their lower specific
surface area, these larger clusters would require a longer time to disintegrate. Thus,
the digestion rate in the rapid phase would be slowed down, with a more segmented

digestion pattern.
5.3.5 Starch digestibility profiles and predicted Gl
5.3.5.1 Starch digestibility profiles

The LoS and CPS fittings (methods in Section 5.2.6.1 and 5.2.6.2, respectively) are
presented, and the results are summarised in Tab. 5.5 and Tab. S2. All CPS fittings
appeared satisfactory (R? > 0.99), with two distinct kinetic components in the starch
digestograms of most of the intact JR and PR samples. Also, in the samples with tastart
> tint, the sequential digestion pattern was related to the characteristic structure of
cooked grain, wherein the rapid-digestible fraction located at the perimeter

surrounds the slowly digestible fraction (Li & Hu, 2020).

As explained earlier in Section 5.2.6.2, the tastart Within the range of 0 to tint (0 < tastart
< tint), @ more complex digestion profile (combination of parallel and sequential
digestion pattern) was observed in homogenised rice samples as compared to non-

homogenised samples (sequential digestion pattern).

In homogenised JR, tastart = 0 in Set 1_A, suggesting coexisting rapid and slow
digestion (parallel digestion pattern). Thus, the results support previously reported
findings concerning the importance of oral processing in the starch digestion of
cooked rice (Tamura et al.,, 2017). The relationship between rice structure and
digestion must be considered carefully when the oral processing step is applied
before digestion, as it leads to more complex digestion profiles than when intact

grains are involved.
5.3.5.2 Predicted glycaemic index (pGl)

Set 7_HPP represents the results of in vitro oral-gastrointestinal digestion of starch.
It has been suggested that a three-phase digestion process is more relevant to
evaluate the pGl value (using Eqg. 5.6 in Section 5.2.6.3) when it is referred to the Gl

value for a healthy diet (Odenigbo, 2014; Cai et al., 2020; Bagchi et al., 2023).
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Fig. 5.7. pGl (A), imaging (B), and particle size distribution (C) of cooked digested
rice, non-homogenised or homogenised for 20 seconds, as evaluated after Set
7_HPP. In (B) non-homogenised (top row) and homogenised for 20 s (bottom row). (1) JR,

(2) JR_1LA, (3) PR, (4) PR_1LA.

In the case of non-homogenised cooked JR, in vitro pGl was the highest (71) and
classified as a high-Gl food (pGl 270), which is much lower than practical Gl (89 as
an average) obtained from in vivo studies (Truong et al., 2014; Atkinson et al., 2021).
Unlike JR, PR had a pGl of 50 and was classified as low-Gl food (pGl < 55). In vivo
evaluations also reveal that parboiling reduces the Gl of rice compared to non-
parboiled rice of the same variety (Wolever et al., 1986; Hasbullah et al., 2017).
Upon addition of LAGG, pGl in JR_1LA were significantly lower than in JR, whereas
no significant differences between PR and PR_1LA were observed, and this could
correlate with the less damaged grain structure showed by JR_1LA, PR and PR_1LA
(Fig. 5.7B). The particle size distribution in the supernatant of digested rice samples
is shown in Fig. 5.7C. Non-homogenised and homogenised (In and Homo_20 s,

respectively, in Fig 5.7) rice samples exhibit distinct particle size distributions. The
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non-homogenised rice samples display a multimodal distribution, with particle sizes
ranging from 0.05 to 3 um. These particles correspond to liberated starch granules
and protein bodies (Vandeputte et al., 2003; Amagliani et al., 2017). In addition to
the sediment with large clusters (shown in Fig. 5.7B), the distribution pattern
suggests non-homogenised samples have not undergone extensive breakdown,
leaving larger particles intact. The homogenised JR samples showed a major peak at
size <10 um and a smaller peak at around 0.1 um. There is a noticeable increase of
the particle size as a consequence of homogenisation, suggesting that
homogenisation can facilitate the release and distribution of larger clusters from
rice to the digestion fluids, promoting the enzyme accessibility. This could contribute

to the substantial increase in pGl of homogenised JR, which reached 86.

It is also interesting that the pGl of PR upon homogenisation increased from 50 to
86, which is a high-Gl value. The particle size distribution of the homogenised PR
exhibited a similar bimodal pattern to that of intact PR, but with a greater proportion
of smaller particles (0.1-1 um). There seems to be an increase in the proportion of
particles <1 um as a consequence of homogenisation in non-coated PR (Fig. 5.7C3),

likely due to disruption of larger aggregates present in the non-homogenised PR.

Therefore, smaller particles and more uniform distribution can enhance the
accessibility of starch to digestive enzymes, accelerating the starch hydrolysis
process in homogenised PR. As reported in the literature, the in vivo Gl of PR varies
from 39 to 79. The Gl difference has been attributed to the extent to which the grain

has been broken down by chewing (Pathiraje et al., 2011; Kataoka et al., 2013).

A significant effect of LAGG on regulating pGl was observed in both rice types after
homogenisation. The pGl values decreased by 11.6 % and 10.4 %, respectively,
compared to JR and PR control (no LAGG). This could be caused by a reduction in
surface area exposed to the digestion solution, perhaps due to the larger fractions
remaining after homogenisation of the LAGG-containing samples. The peaks located
at larger diameters, i.e., 10-100 um in JR (Fig. 5.7C2) and 10-50 um in PR (Fig. 5.7C4),
may be segmented LAGG-starch conjugates or small protein-starch-LAGG
fragments.
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From the data in this section, simulating oral processing by homogenisation is
important as it accounts for its disruptive effects on rice microstructure, leading to
higher pGl. In return, food models would respond differently to oral processing, e.g.,
in the extent of protein and starch digestibility, according to their structural

characteristics (in this case, represented by rice type and addition of LAGG).
5.4 Conclusion

The glycaemic index (Gl) of two rice types, jasmine rice (JR) and parboiled rice (PR),
were determined using in vitro digestion protocols using a multi-enzyme approach.
Kinetic analysis was conducted to study the relationship between digestibility and
microstructure in rice samples. PR showed significantly lower starch digestibility and
pGl than JR in this study, perhaps due to higher amylose levels and a compact and
less digestible protein network. The effect of in vitro oral processing
(homogenisation for 20 s) on protein and starch digestibility was also considered.
Homogenisation caused higher pGl in PR and JR (with an overall decrease in the pGl
difference between PR and JR) due to the physical disintegration of the grains, which
would have facilitated enzyme accessibility. Also, the effect of rice cookingina 1 %
low acyl gellan gum (LAGG) dispersion was evaluated to reduce GIl. LAGG had a
mitigation effect on Gl in both non-homogenised and homogenised samples, which
could depend on a reduced enzyme penetration through the rice material due to a
barrier action of LAGG and to a larger segmentation of the homogenised materials
containing LAGG. As a summary of the findings, the digestion behaviour of protein
and starch is interdependent. This method provided a way to understand the
importance of protein digestibility on starch digestibility and how microstructural
variables are part of the determining factors of digestive patterns. Characterising
the physicochemical properties of proteins and applying LAGG to develop low-Gl

food would be beneficial in future work.
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5.6 Supplementary material

Tab. S1. Description of digestion objects in each set.

Set Description

Setl A digest only starch by the intestinal a-amylase.

Set2 P digest starch and protein in a sentient manner by using intestinal
pancreatin.

Set 3_PA digest proteins with pepsin in the gastric phase, followed by
digesting starch alone with intestinal a-amylase

Set 4 _PP digest the protein first with pepsin in the gastric phase, then

Set 5_PTA_con
and Set 6_PTA

Set 7 HPP

digest starch and protein with pancreatin.

Digest the protein first with pepsin in the gastric phase, and
further intestinal proteolysis with trypsin for 180mins (as a
control, incubate without trypsin to assess the effect of water
diffusion)

A complete set of three-stage IVD experiments was carried out to
predict the glycaemic index using salivary a-amylase(oral), gastric
proteolysis (pH 3, pepsin), and protein-starch digestion using
pancreatin.




Tab. S2. Kinetic fitting (LoS and CPS) with constant rates fitting the JR and PR with and without 1 % LAGG addition (20s homogenisation).

Co (%) ki(min?) C1 (%) tint (Min) kz (min?) Ce2 (%) R? ki(min?) Ce1 (%) tastart (Min) k2 (min?) C2 (%) R?
A 1.6940.83¢  0.11440.006° 22.74+0.37° 14.1740.29* 0.009+0.001¢ 35.77+4.59° 0.9618 0.128+0.017° 27.70+2.51° 12.33#2.02° 0.007+0.001° 39.47+6.86°¢ 0.9993
P 2.66+0.54° 0.128+0.018° 28.50+3.82° 14.52+0.03° 0.015+0.003° 46.94+1.87° 0.9174 0.121+0.012° 32.13+3.43®> 11.87+2.17° 0.015+0.005%® 48.04+2.82°> 0.9995
PA 3.23+0.61°  0.085+0.001°¢ 23.63+2.09¢ 10.21+0.21° 0.022+0.002° 64.18+3.44° 0.9794 0.122+0.026° 22.01+1.52° 11.26+1.25* 0.019+0.001* 67.73+1.60*° 0.9988
PP 3.51+0.54°  0.142+0.013° 37.75+#1.70° 13.04+2.61° 0.017+0.001° 53.76+2.10° 0.9169 0.114+0.021°¢ 28.59+2.74°® 10.21+0.36° 0.016+0.001*® 63.62+5.35% 0.9979
ch/;\n 9.75+0.45°  0.135+0.034° 38.28+2.36° 14.50+0.00° 0.007+0.000° 29.74+2.96° 0.9899 0.103+0.013° 24.54+3.90® 13.18+2.30° 0.009+0.002° 30.29+1.34¢ 0.9992
= ETA 9.00+£0.66 0.199+0.002% 46.84+1.04* 14.50+0.00° 0.014%0.003° 32.29+2.02° 0.9290 0.207+0.011® 45.85+0.63% 9.98+0.02° 0.011+0.002¢ 31.61+2.81¢ 0.9993
From Set 1_A to Set 6_PTA in JR, different letters over each column indicate significant differences (p < 0.05)
A 0.55+0.10°  0.112+0.002* 19.02+1.10* 15.60+0.00° 0.012+0.001* 29.03+1.83° 0.9092 0.114+0.005° 24.61+0.42¢ 0.00+0.00® 0.012+0.001® 31.67+1.62%  0.9997
P 1.3040.12°  0.106%0.001® 17.71+1.20° 15.00+0.00° 0.015+0.001° 48.15+1.80° 0.9081 0.118+0.003% 32.28+2.77° 14.75+0.22® 0.14+0.001° 45.67+0.80° 0.9986
PA 3.21+0.68°  0.015+0.001°¢ 90.19+1.80° -- - - 0.9586 0.016+0.001¢ 86.38+1.87* -- -- -- 0.9996.
PP 1.7640.42°  0.113+0.001® 21.7743.04° 14.50+0.50* 0.010+0.001¢ 63.94+1.26% 0.9439 0.114+0.005* 20.54+0.78% 10.00+0.00° 0.010+0.001° 67.71+1.19° 0.9991
<
#l P-crjn 13.05+0.34° 0.027+0.000* 75.60+3.23> -- - - 0.9604 0.031+0.001° 74.75+1.35° -- -- -- 0.9982
= pTA 13.85+2.42% 0.113#0.001* 22.99+2.94° 15.04+1.00° 0.009+0.001°¢ 50.67+4.27° 0.9189 0.114+2.014° 20.46+2.12¢ 10.67+0.58* 0.008+0.000° 54.38+4.48¢ 0.9988

From Set 1_A to Set 6_PTA in JR_1LA, different letters over each column indicate significant differences (p < 0.05)
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Mean + S.D. calculated from triplicate measurements. For each parameter (column), the different superscript letters indicate values among the four samples
are statistically different (p < 0.05). Values presented here are: the concentration of digested starch (Co, %) at the beginning of intestinal digestion phase;
starch digestion rate constants of rapid (ki) and slow phase (k;), corresponding estimated percentage of digested starch (C1and Cw;, %), tint is defined as the
time intersection of two distinct digestion phase (estimated from LoS model), and tas.rt is defined as the time intersection of two distinct digestion phase
(estimated from CPS model). The goodness of curve-fitting (reflected by R?).



Co(%) ki (min?) Ce1 (%) tint (Min) k2 (min'?) C2 (%) R? ki(min?) Ce1 (%) tastart (Min) k2 (min?) C2(%) R?

A 1.69+0.83°  0.114+0.006° 22.74+0.37° 14.17#0.29° 0.009+0.001¢ 35.77+4.59° 0.9618 0.128+0.017° 27.70+2.51® 12.33+2.02° 0.007+0.001°¢ 39.47+6.86°¢ 0.9993

P 2.32#0.33°  0.127+0.005¢ 47.09+1.70° 16.50+0.78° 0.017+0.004° 46.27+1.55° 0.9913 0.155+#0.007° 43.61+1.77° 14.50+0.00® 0.015+0.001® 51.56+4.01° 0.9993

PA 8.04+1.28%  0.080+0.005° 22.92#2.29° 12.50+1.10° 0.018%0.001° 56.95+5.45° 0.9555 0.087+0.003¢ 18.70+1.53¢ 10.17+0.28° 0.017+0.002° 63.29+0.36% 0.9989

PP 10.26+1.48° 0.096x0.001¢ 35.79+3.24° 14.50+1.31® 0.022+0.004® 58.40%4.44° 0.9679 0.221+0.001® 35.57#3.70® 12.20+0.30®® 0.029+0.003* 71.31#3.12° 0.9982

PTA  6.90+2.39°  0.195+0.006° 39.90+1.83® 15.50+0.50° 0.009+0.001¢ 49.67+5.28° 0.9553 0.210+0.009%* 30.24#2.91° 12.00+1.43®® 0.011+0.001°¢ 55.83+1.85®° 0.9989
con

& PTA  7.54+0.43°  0.223+0.002* 34.26%3.06° 15.20+0.70° 0.020+0.003* 56.05+2.92° 0.9613 0.223+0.017* 28.25+0.74¢ 12.50+0.20®® 0.021+0.002° 60.27+4.00° 0.9995

From Set 1_A to Set 6_PTA in PR, different letters over each column indicate significant differences (p < 0.05)

A 1.89+0.20°  0.080+0.005° 32.13+4.12° 14.25+#0.16° 0.019+0.002°® 61.80+4.12° 0.9474 0.142+0.005° 31.08+2.75"® 13.20+1.30° 0.018+0.001°¢ 52.37+4.25° 0.9984

P 2.06+0.25°  0.125+0.003* 32.63+2.79° 12.50+0.29° 0.029+0.001* 64.07+6.16° 0.9630 0.157+0.006® 27.45+1.20> 12.50%0.00° 0.027+0.002® 64.65+1.51> 0.9997

PA 5.67+£1.80°  0.017+0.002¢ 89.71+3.47° -- - - 0.9283 0.018+0.005¢ 87.01+1.45% -- - - 0.9991

PP 3.42+1.46°° 0.114+0.008° 36.23+1.51® 14.00+0.50° 0.018+0.001° 57.60+0.17° 0.9494 0.177+0.002° 28.37+2.49* 12.80+0.30° 0.018+0.000° 58.58+1.03° 0.9991

§ PTA  10.87+0.35®° 0.026+0.003¢ 86.61+2.14¢ -- - - 0.9383 0.028+0.005¢ 88.48+0.53* -- - - 0.9979
| con

& PTA  9.79+1.20° 0.127+#0.003* 30.24#3.43* 12.50+0.96° 0.019+0.002° 58.15+3.11° 0.9773 0.177+0.000° 28.45+1.93® 12.00+0.89° 0.022+0.001¢ 61.78+0.75° 0.9999

From Set 1_A to Set 6_PTA in PR_1LA, different letters over each column indicate significant differences (p < 0.05)

Mean * S.D. calculated from triplicate measurements. For each parameter (column), the different superscript letters indicate values among the four samples are
statistically different (p < 0.05). Values presented here are: the concentration of digested starch (Co, %) at the beginning of intestinal digestion phase; starch digestion
rate constants of rapid (ki) and slow phase (k,), corresponding estimated percentage of digested starch (C-.1and Cwy, %), tint is defined as the time intersection of two
distinct digestion phase (estimated from LoS model), and tasrt is defined as the time intersection of two distinct digestion phase (estimated from CPS model). The
goodness of curve-fitting (reflected by R?).
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Fig. S2. In vitro starch digestion of cooked JR_1LA grains.

Circles correspond to the experimental values; all error bars represent standard
deviations (n = 4). Letters A to F represent from Set 1_A to Set 6_PTA; Triangles with
dashed lines correspond to LoS plots. Squares and crosses corresponded to digestion
fractions | and Il of starch based on CPS kinetics model fittings for the digestion curves.
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Fig. S3. In vitro starch digestion of cooked PR grains.

Circles correspond to the experimental values; all error bars represent standard
deviations (n = 4). Letters A to F represent from Set 1_A to Set 6_PTA; Triangles with
dashed lines correspond to LoS plots. Squares and crosses corresponded to digestion
fractions | and Il of starch based on CPS kinetics model fittings for the digestion curves.
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Fig. S4.In vitro starch digestion of cooked PR_1LA grains.

Circles correspond to the experimental values; all error bars represent standard
deviations (n = 4). Letters A to F represent from Set 1_A to Set 6_PTA; Triangles with
dashed lines corresponded to LoS plots. Squares and crosses corresponded to
digestion fractions | and Il of starch based on CPS kinetics model fittings for the
digestion curves.



Fig. S5 In vitro starch digestion of homogenised (20s) JR samples.
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Fig. S6. In vitro starch digestion of homogenised (20s) JR_1LA samples.

Circles correspond to the experimental values; all error bars represent standard
deviations (n = 4). Letters A to F represent from Set 1_A to Set 6_PTA. Triangles with
dashed lines. corresponded to LoS plots. Squares and crosses corresponded to
digestion fractions | and Il of starch based on CPS kinetics model fittings for the

digestion curves.
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Fig. S7. In vitro starch digestion of homogenised (20s) PR samples.

Circles correspond to the experimental values; all error bars represent standard
deviations (n = 4). Letters A to F represent from Set 1_A to Set 6_PTA; triangles with
dashed lines corresponded to LoS plots. Squares and crosses corresponded to
digestion fractions | and Il of starch based on CPS kinetics model fittings for the

digestion curves.
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Fig. S8. In vitro starch digestion of homogenised (20s) PR_1LA samples.

Circles correspond to the experimental values; all error bars represent standard
deviations (n = 4). Letters A to F represent from Set 1_A to Set 6_PTA; triangles with
dashed lines corresponded to LoS plots. Squares and crosses corresponded to
digestion fractions | and Il of starch based on CPS kinetics model fittings for the

digestion curves.
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Abstract

The role of structural disintegration on starch digestibility during in vitro oral
processing of cooked white rice was investigated. For the in vitro oral phase, rice
was homogenised for 0's, 10 s, or 20 s, corresponding to three different extents of
oral processing (only swallowing, normal, or fine chewing, respectively). Two rice
types, parboiled rice (PR) and jasmine non-parboiled rice (JR), were compared for
their different microstructure. JR and PR were cooked either in only water or in
water containing 1 % low acyl gellan gum (LAGG). For the non-homogenised (0 s)
rice samples, JR showed a higher predicted glycaemic index (pGl) (71.4) than PR
(50.0). Microstructure analysis suggested that the lower pGl in PR could be
attributed to its more ordered protein-starch matrices, which preserved the
structural integrity of starch accessible by enzymes. The impact of rice type on pGl
became less pronounced with increasing homogenisation time. When homogenised
JR and PR were compared, particle size differences decreased after homogenisation,
and PR reached a similar pGl level to JR. The impact of pre-homogenisation of rice
on starch digestibility is less apparent under the semi-dynamic digestion model. It is
possible to attribute the grain disintegration in the semi-dynamic model to the
mechanical movements involved, such as continuous mixing and compressing,
which simulate the contractions of the digestive system. When JR and PR were
cooked in LAGG dispersion, they showed lower starch digestibility and pGl than the
respective water-cooked samples under the three homogenisation conditions.
Several factors have been attributed to this, including a physical barrier effect of
LAGG, which allows cooked rice to retain some structural integrity (as indicated by
microscopy and bolus swelling imaging), as well as a greater viscosity in the
intestinal phase of digestion. Overall, this work suggests that, as more complex
digestive conditions were applied (homogenisation step, semi-dynamic digestion
system), LAGG exhibited multi-functionality in mitigating starch digestibility of
cooked rice, which could be used as a potential approach towards developing

starch-based foods with reduced Gl.
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Highlights

A static and semi-dynamic digestion model was employed for the first
time to investigate the characteristics of starch digestibility on cooked
rice with or without low acyl gellan gum in response to three
homogenisation levels (non-, 10 s and 20 s).

In vitro oral processing combined with a semi-dynamic model appeared
to be a more reproducible method to determine the starch digestibility
of cooked rice than when combined with a static model.

PR is harder and less sticky than JR, showing higher fragmentation upon
homogenisation.

Rice cooked with low acyl gellan gum (LAGG) displayed a reduction in
starch digestibility and pGl. The mitigating effect of LAGG diminished
when homogenisation was applied.

The mitigating effect of LAGG on pGl was lower when in vitro digestion

was applied to pre-homogenised rice samples.

Keywords: white rice, low acyl gellan gum, static in vitro digestion, semi-dynamic

in vitro digestion.
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6.1 Introduction

Nowadays, there is a strong interest in understanding the modulating effects of food
digestion on improving human health. In particular, replacing high glycaemic index
(Gl) foods (such as refined cereal products) with foods that contain slowly digestible
starch (SDS) and resistant starch (RS) has been recommended as an intervention
method for managing glycaemic response in clinics with multiple health benefits,
including those for obese (Jimenez-Cruz et al., 2003), people with diabetes (Rave et
al., 2007) and cardiovascular disease (Amano et al., 2004). The research approaches
in this field have changed from in vivo to a hybrid approach incorporating in vitro
due to many limitations of the in vivo method alone, such as time consumption, high
cost, invasive sampling, inter-individual variability, and ethical concerns. In vitro
models would enhance the reproducibility and the acquisition of more detailed
information, such as specific nutrient digestibility on food microstructural changes
(like structure disintegration viscosity) (Villemejane et al., 2015, 2016). Prediction of
the GI of starchy foods by in vitro method is a classic example of in vitro method
application as a pilot trial prior to in vivo test in food product development with a

low-Gl (Argyri et al., 2016).

Most in vitro digestion systems focus on the gastric and intestinal phases by
developing a series of mechanical, chemical, and enzymatic processes to simulate
digestion. Conversely, simulated oral processes have yet to be widely implemented
due to the short duration compared to the entire digestion process. For example,
chewing normally takes less than 10 seconds for swallowing, and salivary enzymes
are exposed for less than 2 mins before becoming inactive shortly after entering the
stomach. However, the oral phase dramatically affects food digestibility due to the
reduction in particle size and increasing surface area that happens during this phase.
The importance of the oral phase for the digestion of starchy foods has been
highlighted in relation to the food's structural integrity (Blanquet-Diot et al., 2021).
Decreasing the food particle size by mastication increases the surface area exposure,
allowing higher enzyme accessibility and thus higher starch digestion, as observed

in wheat (Heaton et al., 1988), corn (Panouillé et al., 2016), oats and rice (Tamura et
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al., 2017). Corresponding to in vitro results, Read et al. (1986) showed that thorough
chewing of rice, potato, or sweet corn induced a postprandial increase in glucose
while swallowing those foods without chewing significantly reduced the blood
glucose response. In Ranawana et al. (2010a, 2010b), particle size was found to
relate significantly to the in vivo glycaemic response to chewed cooked rice.
However, differences in individuals' chewing may lead to differences in the

glycaemic response.

In addition, food that supplies health benefits via digestion should also be valued based
on its physical domain, referred to as "food matrices”. This is a system that includes
and interacts with specific constituents in a way that provides different
functionalities and behaviours than those exhibited by the components alone
(Aguilera, 2019). In particular, many researchers have explored the possibility of
lowering Gl of cereal products, like white rice, through genetic, chemical, and
physical approaches. These techniques have considered starch microstructure, and
non-starch components, including protein, lipids, and dietary fibres. It was found
that modified starch had reduced starch digestibility and several structural
characteristics, including a higher amylose content and an orderly multiscale
organisation within the cell, slowing enzyme-catalysed reactions. It has also been
found that protein networks and amylose-lipid complexes reduce starch digestion
by providing physical barriers against enzyme access to starch (Guraya et al., 1997;
Sagum & Arcot, 2000; Toutounji et al., 2019). Substituting a high-Gl with a low-Gl
staple food, such as multigrain or cereals with a high protein/lipid content, has
shown a minor but clinically meaningful effect on glycaemic control in vivo

(Bornhorst et al., 2013).

Likewise, the addition of non-digestible fibres such as guar gum, xanthan gum,
pullulan, and low acyl gellan gum (LAGG) could potentially reduce starch digestibility
by reducing enzyme accessibility, as demonstrated by the in vitro system (Chen et
al., 2017; Choi et al., 2010; Gouseti et al., 2014; Norton et al., 2011). Hydrocolloids
still need to be better understood regarding how they influence starch digestion

throughout the digestive system.
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In this study, the effects of both the food matrices and the addition of dietary fibre
on the starch digestibility of cooked rice throughout the oral-gastrointestinal tract
were assessed. Two types of rice, white jasmine rice (high-GI) and parboiled rice
(low-Gl), whose effects on the glycaemic response have been demonstrated in vivo
(Hamad et al., 2018), were tested. LAGG was used as a non-digestible fibre and
hydrocolloid. Three mastication conditions (swallowing, normal, and fine) were
considered and analysed using two in vitro digestion models, static and semi-
dynamic, providing a more holistic analysis of the starch digestibility of cooked rice.
The impact of rice type with different characteristics of the protein-starch matrices
and mastication performance were analysed in terms of food bolus properties and

level of starch digestibility undergoing mastication and gastrointestinal digestion.
6.2 Materials and methods

6.2.1 Materials

Two white rice types, one belonging to a high glycaemic index (Gl) category (> 70)
and one to a low-Gl category (< 55), were selected (Atkinson et al., 2021; Ranawana
et al., 2009). The high-Gl type (89) was Thai Jasmine rice (JR, Green Dragon Thai Hom
Mali Aaa, purchase date December 2018), whereas the low-Gl (47) was parboiled
rice (PR, easy-cook long grain rice, purchase date January 2019). The two white rice
varieties are Oryza sativa indica, and for JR, no parboiling is involved in the
manufacturing process. Low acyl gellan gum (LAGG) powder was purchased from
CPKelco, UK. The enzymes used were purchased from Sigma-Aldrich, UK. Enzyme
activity (Tab. 6.1) was determined using the procedures by Brodkorb et al. (2019).
Unless otherwise stated, all other reagents were of analytical grade and supplied

from Sigma-Aldrich, UK.
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Tab. 6.1. Product code, batch number and activity (measured in our labs) for
salivary a-amylase, pepsin, and pancreatin (consisting of a-amylase and trypsin)
used in this study.

Pancreatin (a-

salivary a-amylase  pepsin i
ivary y pepsi amylase / trypsin)

Product code

(Sigma-Aldrich) A1031 P7000 P1750, 4xUSP
batch number SLBX2637 BCBZ7879 SLCD1114
Enzyme activity 1 ) 1 3
146.2 557.5 31.4°/23
(U/mg) /

1 1 unit/mg represented the capability of liberating 1 mg of maltose from soluble
potato starch (52630, Sigma-Aldrich) in three mins at a pH of 6.9 at 20°C.

21 unit/mg represented the capability of liberating the amount of Tyrosine produced
from the haemoglobin decomposition at pH 2.0 at 37°C.

31 unit/mg represented the capability of hydrolysing 1 umole of p-toluene-sulfonyl-L-
arginine methyl ester (TAME) per min at 25°C, pH 8.1.

The reagents used to produce simulated salivary fluid (SSF), simulated gastric fluid
(SGF), and simulated intestinal fluid (SIF) were prepared as in Brodkorb et al. (2019).
The details have been included in Chapter 3, Section 3.8.4.1. In the present study,
the bile salt was not included in the intestinal phase, as fat in white rice is negligible
(<0.5%). The 5-(4,6-Dichlorotriazinyl) amino fluorescein (5-DTAF, CAS No.
51306-35-5, Sigma-Aldrich) was used as a labelling agent for LAGG.

6.2.2 Preparation of cooked rice samples

Rice was cooked as per previous studies (Chatthongpisut et al., 2015; Liu et al.,
2019). In brief, JR or PR (100 g) were rinsed three times with distilled water and
placed on 0.5 mm sieves at ambient temperature for an hour to dry. Rice samples
were then placed in the cooking pot with 150 g of distilled water (1:1.5 rice-to-water
mass ratio; w/w) and cooked using a rice cooker (NEDIS, KarcO6wt-power 300W,
Leicester, UK) for approximately 15 mins (until no excess water was present), after
which the device automatically turned into a warm mode (65-70°C). The cooked rice
was then kept in the rice cooker in warm mode for 10 mins to fully gelatinase the
grain, as determined by visual inspection (no white core in the cooked rice kernels).
Besides pure water, rice was also cooked in the 1 % LAGG dispersion (w/w of raw
rice) using the same cooking method used with pure water. As demonstrated in
Chapter 4, in vitro oral phase, 1 % LAGG can mitigate starch digestibility, with lower
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differences between LAGG addition and control (non-LAGG) than at higher
concentrations (2 and 3 %). Cooked rice was evaluated for moisture content and
texture profile under the same serving conditions (intact grain, at 65°C) as those

reported for in vivo trials in literature (Lu et al., 2017).
6.2.3 Proximate composition of cooked rice with and without LAGG

The moisture content of cooked rice grain was measured in triplicate using a
moisture analyser (MB120, OHAUS, New Jersey, USA) at 105°C with air circulation
according to AOAC Official Method 934.01(AOAC, 2005a). The crude protein content
of cooked rice (dry matter) was determined according to the official AOAC method
930.29 using a nitrogen-to-protein conversion factor of 5.95 (AOAC, 2005b). The
total starch content was determined using a total starch assay kit (AA/AMG,
Megazyme, Wicklow, Ireland) following AOAC Official Method 996.11 (AOAC, 2007).
The apparent amylose content of cooked rice was estimated using the iodine
colourimetric method, as described by Mcgrane et al. (1998). All analyses were

performed in triplicate.
6.2.4 Morphological structure of cooked rice with and without LAGG

Cooked rice kernel size (length, width, and thickness) was measured using a Vernier
calliper with 0.01 mm accuracy. The shape (sphericity, surface area, and roundness)
of cooked rice kernels was calculated using the method described by Mohsenin et
al. (1987). The morphology of the protein-starch matrices within cooked rice was
observed using an Eclipse Ci microscope (Nikon Instruments Inc., Surrey, UK)
equipped with a Nikon digital Sight DS-Fi2 camera. Sample slides were prepared
using a method adapted from Tamura et al. (2016). The cooked samples were
exposed to optimum cryo-microtomy embedding medium and cut into 60 um thick-
sections with a microtome (Leica CM 3050s, Leica Microsystems, Milton Keynes,
UK). Cross-sections were mounted on gelatine-coated microscope slides, stained
with 0.1 % fast green FCF acetic acid (1 %) solution for protein detection, washed
with distilled water, and stained with Lugol's solution (62650, Sigma-Aldrich1:10
dilution) for starch detection. Due to electrostatic bonding between the amino acid

side chains and the fast green molecules, protein bodies appeared with a green
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colour (Steglich et al., 2014), whereas starch appeared purple due to the formation
of an amylose/amylopectin-iodine complex. LAGG was covalently labelled with 5-
(4,6-dichlorotriazinyl) aminofluorescein (DTAF) following the procedure described
by Khin et al. (2021). For labelling, rice was cooked with DTAF-LAGG with the same
procedure adopted with native LAGG and described in Section 6.2.2. The
distribution of DTAF-LAGG in rice matrices was visualised using an EVOS™ FL

microscope. The excitation and emission spectra for DTAF were 488 nm and 517 nm.

The surface and internal morphology of cooked rice were observed with an ESEM
(FEI Quanta 650 with X-Max-150 EDX Detector) equipped with a gaseous secondary
electron detector by using the method of Dang & Copeland (2004). Working
conditions were 10 kV accelerating voltage, 1 torr chamber pressure, and the initial
working distance was 10 mm. Before imaging, samples were fixed on conductive

adhesive tape and were observed at a magnification of 1000x.
6.2.5 Oralin vitro digestion of cooked rice with and without LAGG
6.2.5.1 Invitro oral digestion simulation of cooked rice

To simulate oral (only swallowing, normal and fine) processing conditions, 120g of
cooked rice were homogenised in a household blender (HB605, Kenwood, Havant,
UK) for 0, 10 or 20 s (Moongngarm et al., 2012; Furuya et al., 2014). The following
in vitro digestion step was conducted based on the method described by Fernandes
et al. (2020). In brief, 10 g of the homogenised (0 s, 10 s, 20 s) rice samples were
placed in 50 mL conical tubes, followed by the addition of 10 mL of SSF containing
salivary a-amylase to achieve an activity of 75U/mL in the digestion mixture. The
mixture was incubated for 2 mins at 37°C under constant rotation (50 rpm) in a tube

rotator (Fisherbrand™, Thermo Scientific, Hemel Hempstead, UK).
6.2.5.2 Granulometry distribution analysis of digested rice bolus

Following in vitro oral processing, 20 mL of Na;COs (0.3 M) solution was added to
the digested mass to stop amylase activity. The granulometry distribution of the rice
bolus was analysed based on the method by Ranawana et al. (2010). In brief, the

digested samples were held in an incubation chamber at 37°C undisturbed for 10
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mins to allow residual sedimentation. Following filtration through a Buchner funnel,
the separated solid particles were carefully removed from the filter paper (H14632,
Bel-Art, 3 um pore size) used in the funnel and oven-dried for 12 h at 70°C until the

constant weight. The liquid filtrate was collected for starch digestibility.

The residue was weighed after drying and then fractionated using a sieve shaker
(Retsch AS 200 control, Verder Scientific, Derbyshire, UK) with a vibration height of
0.5 mm and duration of 1 min. The four equipped test sieves (DEBUYER, France)
were stacked in descending size order as follows: 2.0 mm, 1.0 mm, 0.5 mm, 0.25mm
and the base pan. A granulometry distribution can calculated via Eq. 6.1, following

the collection and weighing of fractions from each sieve.

s« 100 % (Eq. 6.1)

2R (%) = D

Where:

M is the mass (g) of the fraction retained on each sieve (M1, M2, M3, M)

and pan (Mp);
2M, is the total mass (g) of grain fractions: M1+ M; +...+ My;
2Rnis the cumulative per cent (%) of mass retained.

The weight loss caused by the particles entrapped within the meshes was
negligible.
6.2.6 Invitro digestion models
Two models, static and semi-dynamic, were used to study the in vitro digestion of
cooked rice following oral processing. The static model was based on the INFOGEST
protocol for rice, as described by Fernandes et al. (2020). The semi-dynamic model

was developed during this project. Details about the models and protocols are

described in Chapter 3.
6.2.6.1 Simulated digestion fluid preparation

The SSF, SGF and SIF formulations are detailed in Tab 3.2, Section 3.8.1. Each

simulated fluid was prepared as a 1.25x concentrated stock solution (400 mL).
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6.2.6.2 Static in vitro digestion model setting

Working solutions were prepared soon before performing the digestion
experiments. A description of one set of in vitro digestion, including the electrolyte

fluid, is shown in Tab. 6.2.

For the preparation of the working solutions, the 1.25x stock solutions were diluted
with MilliQ® water to the final volume after adding CaClz(H20)2 (0.3 M) (volumes in
Tab. 6.2). The working solution was then placed in the incubator at 37°C prior to
use. The rice samples, or the digestion mass from the previous phase, were mixed
with 80 % of the respective working solution, while the remaining 20 % was used to
dissolve the enzymes before adding them to the sample. This allowed enzymes
throughout the sample to be evenly distributed. After pH adjustment, the 20 % fluid
aliquot containing enzymes was added to the sample. Using the gastric phase as an
example, the pH of SGF increased from 3 to 5 after mixing 80 % of the SFG with the
“bolus” (the sample mass from the oral phase); therefore, it was adjusted back to 3
to keep the pepsin activity, before adding the remaining 20 % of fluid containing
enzymes (pH 3) and initiate digestion. An example set of static in vitro digestion

experiments has been illustrated in Tab. 6.2.
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Tab. 6.2. Example of a static in vitro digestion experiment for 5 g of cooked
sample. A) Composition of the bolus; B) Composition (volumes) of the working solution
(80 % solution mixed with digestion mass + 20 % used for the preparation of enzyme

solution); C) Characteristics of the enzyme mix.

A. JR as an example of the food model

Rice sample (g) 5.00
Total solid (g) 1.86 (dry matter, 37.2 %)
Total starch (g) 1.62
Total energy content (Kcal)? 6.85
B. Working solution Oral (pH® 7) Gastric (pH® 3) Intestinal
(pH®7)
Stock solution (mL) (Tab. 3.2) 4 (SSF) 8 (SGF) 16 (SIF)
CaCly(H20)2 (0.3 M) (mL) 0.025 0.005 0.08
MilliQ” water (mL) 0.975 1.495 2.92
HCI (5 M) (mL)® - 0.500 -
NaOH (5 M) (mL)® - - 1.00
Total fluid volume (mL) 5(4+1) 10 (8+2) 20 (16+4)
For premixing, the volume used is 4 8 16
(mL)
To prepare enzyme solutions, use 1 2 4
(mL)
C. Enzymes Salivary a- Pepsin Pancreatin f
amylase
Enzyme activity (unit/mL) in total 75 2000 208
digestion mix ¢
Enzyme-specific activity (unit/mg)¢  146.2 557.5 314
Mass of enzyme (mg) ¢ 5.14 71.82 25.48
Digestive mass 5g of cooked 10mL of bolus  20mL of
rice chyme &
Final volume (mL) 10 20 40

2: According to the nutrition information on the food label.

®: For pH adjustment.

€. Each batch of enzymes is tested according to standard assays to determine the
specific enzyme activity. The amount of pancreatin used is based on the activity of a-
amylase. As in the previous trial, the amount of pancreatin based on suggested a-
amylase activity was used, and the starch digestion curve of all samples reached the
plateau within 5 mins, which makes it difficult to resolve differences in starch digestion
rates. Based on our results, it is recommended that the 0.5-unit amylase per mg starch
be in the final digestion mixture. This means 20 units/mL amylase is more proper to
distinguish digestion kinetics for 5g of rice containing around 30% total starch. The
enzyme activity (unit/mL) in total digestion mix at the separate phases was calculated
as follows: Enzyme activity (unit/mg) x enzyme mass (mg)/final volume (mL).

d Specific enzyme activity measured for each batch of enzymes according to standard
assays.

€ Final pH means the pH after mixing with the digestive mass for each phase.

fThe bolus here refers to the food mass (homogenised for Os, 10 s, and 20 s) mixed
with SSF for 2 mins before gastric digestion.

& Chyme refers to the mass that forms after gastric digestion.



Using the gastric phase as an example, the pH of SGF increased from 3 to 5 after
mixing 80 % of the SFG with the “bolus” (the sample mass from the oral phase);
therefore, it was adjusted back to 3 to keep the pepsin activity, before adding the
remaining 20 % of fluid containing enzymes (pH 3) and initiate digestion. An example

set of static in vitro digestion experiments has been illustrated in Tab. 6.2.
6.2.6.3 Static in vitro digestion model of cooked rice

Cooked rice samples underwent a three-step digestion procedure consisting of an
oral, gastric, and intestinal phase. Aliquots of the digesta were collected for protein
and starch analysis at the end of the oral and gastric phases and at specific time
points during the intestinal phase. Two batch experiments were conducted for each
rice sample. Following the oral phase (Section 6.2.5.1), the rice bolus sample was

processed in the gastric phase as follows.

Gastric phase: SGF (8 mL; containing no enzymes) was added to the oral mixture to
deactivate the salivary a-amylase. The gastric phase was immediately initiated after
adding a further 2 mL of pepsin solution (prepared in SGF) to reach a final volume
of 20 mL with 2000 U/mL pepsin activity. The mixture was incubated in a shaking
incubator at 37°C with constant rotation (20 rpm) for 30 mins. The pH of the gastric
mixture, measured every 10 mins, was maintained at 3 using HCI (1 M). For gastric
digestion kinetics, 100 ulL aliquots of the mixture were withdrawn after 30 mins
incubation and dispersed into 1.5 mL microcentrifuge tubes containing 100 ulL of
“stop solution” (0.3 M NaCOs, pH 9) to inactivate the pepsin. Enzyme blanks
containing pepsin and SGF, but no samples were prepared and evaluated as the

sample.

Intestinal phase: following the gastric phase, 16 mL of SIF was added to the gastric
chyme and the pH was adjusted to 7 with NaOH (1 M). Subsequently, 4 mL of SIF
containing pancreatin (as per equalisation of a-amylase activity 20 U/mL digesta)
and mixed to reach a final volume of the intestinal mixture of 40 mL. The mixture
was incubated at 37°C under constant rotation (10 rpm) for 180 mins. To study the
kinetics of starch digestion in the intestine phase, a 100 ulL aliquot of digesta was

withdrawn from the digestion mixture at 0, 5, 10, 15, 20, 30, 45, 60, 90, 120, and
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180 mins, respectively. Each aliquot was dispersed into a 1.5 mL microcentrifuge
tube containing 100 uL of “stop solution” (0.3 M Na,COs, pH 9) to stop the amylase
activity and measure the degree of starch digestion. Meanwhile, 100 uL aliquots
were withdrawn from the digestion mixture at 0, 15, 30, 60, 120, and 180 mins. Each
aliquot was dispersed into a 1.5 mL microcentrifuge tube containing 100 uL of a
Bowman-Birk trypsin-chymotrypsin inhibitor solution (0.05 g/L) to stop the trypsin
activity and measure the degree of protein digestion. Blanks containing
corresponding enzymes and simulated digestion fluids, but no rice, were run
through the same digestion and sampling process to identify the amount of
hydrolysed protein belonging to the enzyme. This value was subtracted from the
total digested protein measured in the samples to determine the actual digested

protein related to the rice.
6.2.6.4 Semi-dynamic digestion model setting

The overall setup of the semi-dynamic model and each function component is

illustrated in Fig. 6.1Fig. 6.1 and described in Tab. 6.3.

| | &
Tubing (in) s : ‘Tempergtu_xre probe
e 2 R;action ask

L =
, Tubing (out)

Peristaltic Pump | B

Peristaltic Pump Il

Fig. 6.1. Overview of the semi-dynamic in vitro digestion model setup. The image

shows blank fluid (solution with enzyme, but no sample) within the system.
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Tab. 6.3. Description of the semi-dynamic digestion model components.

Image of component

e sott

- w008

o 270 mm ~=

Identifying Function

name/size

Multiport flask Simulates the digestion of
Hight:240 mm food in the gastric-intestinal

Neck diameter:

tract. A temperature probe
monitors the temperature

96.0 mm and keeps it at 37°C on a hot
Bottom diameter:  Plate.

166.0 mm

Viscometer Monitors the viscosity

Spindle: RV-04 (04)

1. multi-point
interval data
collection for
gastric and
intestinal phase.

2. Results
expressed as mean
+ standard
deviation of
viscosity (cP)

changes during digestion. The
DV-lll rheometer operates on
the principle of rotating the
spindle in the test fluid
through a calibrated spring.
The spring deflection,
measured using a rotary
transducer, is used to
determine the specific
viscosity of the fluid.

An aliquot of digesta was
injected into the reaction flask
and positioned underneath
the pivot cup of the
rheometer. The rheometer
was set up in "controlled
shear rate mode," and
rotational speed and applied
torque were measured.

pH waterproof
meter

Monitors the solution pH in
the sampling flask, which is
connected to the reaction
flask.




Peristaltic pump Assists the enzyme solution
delivery with a specific
delivery rate, i.e., the volume
programmed to be delivered
in a given period.

Hot plate Maintains the temperature at
37°C.

C-flex 16 1/4in OD  Fluid transfer in settings.

x 1/8in ID x 2ft Tubing connects the sampling
Long flask and the reaction flasks in
a flow cycle.

6.2.6.4.1 Introduction of semi-dynamic in vitro digestion conditions.

The semi-dynamic in vitro digestion model differs from the static model due to the
presence of a peristaltic pump, which continuously moves the sample within the
system; moreover, there is a controlled bolus-induced gastric pH increase from 2 to

5. The oral phase was instead equal to that in the static model (Section 6.2.5.1).

Gastric phase: to follow the pH increase over a 30-min period, a three-step, block-
wise pH profile was used, consisting of a linear regression from pH 2 (a fasting state
in the stomach) to pH 5 (bolus delivery in the stomach) within 30 mins. This model
was developed based on a previous in vivo study conducted by Nadia et al. (2021),
where it was observed that an average in vivo gastric pH increased from 2 to 5in 30

mins in sacrificed pigs. The model is described by Fig.6.2 and Eq.6.2.
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pH; = 0.1 X gastric digestion time (min) + pH,, (Eq. 6.2)
Where:
pHt is the stomach pH at a specific time point
pHto is the stomach pH at time 0 (beginning of digestion time)

To obtain a representative average pH value for a given period, the linear pH
increase was divided into three blocks of 10 mins each. The reaction flask was filled
with 160 mL of SGF (pH 2) to simulate the fasting state of the stomach. The gastric
phase was initiated when the rice mass from the oral phase (pH 7, total volume 200

mL) was introduced into the reaction flask via the peristaltic pump | (input) at 25

mL/min.
protocol A practical Linear (practical)
6
y=0.5036x + 1.7429
5 R>=0.9513 %
4 4
g & W
3 °
A
i
2
1
0 5 10 15 20 25 30

Gastric digestion time (min)

Fig. 6.2. An illustration of the gradual change in gastric pH during the semi-
dynamic gastric phaseColumn: predicted pH change induced by the bolus, as determined
by Eq. 6.2. Grey triangles with the linear fitting dashed line: experimental results in this
study. Arrows indicate the time points (10" min and 20™ min) at which block-wise
acidification was performed with the addition of SGF (20 mL) and HCI (2M) to the reaction

flask.

Once the volume of the reaction flask reached 360 mL, the peristaltic pump Il
(output) was activated to pump the digested solution into the sampling flask at a
rate of 20 mL/min for 2 mins. Next, the pH value was determined (gastric time 0).
To reduce bolus-induced pH increases, 20 mL of predetermined SGF was added to
the reaction flask every 10 mins (see Fig. 6.2) to achieve the target pH, which was

adjusted if necessary, using HCl (2M). The viscosity of the digesta was measured
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using the Brookfield DV-Il rotational rheometer, as described in Fig. 6.1. Despite the
specific time points noted, the in and out tubes remain connected to the reaction
flasks and sample flasks to maintain a current of digestion fluids. Pumps continue to
operate at a speed of 20 rpm/min. After 30 mins of gastric digestion, 100 uL of the
sampling flask was withdrawn in duplicate into 1.5 mL microcentrifuge tubes
containing 100 uL of “stop solution” (0.3 M Na,COs, pH=9) to inactivate the pepsin

and further analyse digestion kinetics in the gastric phase.

Intestinal phase: As soon as the gastric phase was completed, 360 mL of SIF (without
pancreatin) was pumped into the reaction flask at 50 mL/min to stop pepsin activity.
After mixing, the peristaltic pump Il (out) was activated to pump the digested
solution into the sampling flask at a rate of 20 mL/min for 2 mins. The remaining 40
mL of SIF, containing pancreatin, was added to the reaction flask (final volume 800
mL) to start intestinal digestion. Meanwhile, 100 ulL of the sampling flask was
withdrawn in duplicate into 1.5 mL microcentrifuge tubes containing 100 uL of “stop
solution” (intestinal time 0). Despite the specific time points noted, the in and out
tubes remain connected to the reaction flasks and sample flasks to maintain a
current of digestion fluids. Pumps continue to operate at a speed of 10 rpm/min.
The viscosity was measured throughout the intestinal digestion step. Sampling,
analysis, and blank testing were performed for the static digestion model (Section

6.2).
6.2.7 Quantitative evaluation of digested starch

Based on the method of Edwards et al. (2019), a colourimetric analysis using a par-
hydroxybenzoic acid hydrazide (PAHBAH) assay was conducted on aliquots collected
at various time points to determine the concentration of maltose in the samples. By
referencing the standard curve, the concentration of maltose in each sample was
expressed as maltose equivalents, which were further converted into the

corresponding proportion of starch digested using Eq.6.3.

231



[maltose]

Digested starch ratio (%) = [ x 100 % (Eq.6.3)

maltose]sypstrate

Where:

[maltose]: is the maltose equivalent concentration in the liquid phase of the

digesta at a given time.

[maltose]substrate is the theoretical concentration of maltose equivalent that
would exist at the beginning of the reaction, assuming all starch within the

food sample converted to maltose (360.31 g/mol).
6.2.8 Quantitative evaluation of digested protein

Samples were first filtered using an Amicon® Ultra-4 centrifugal filter device (4000
rpm for 10 mins at room temperature) with a cut-off value of 10 kDa to collect the
sedimented particles (< 10 kDa). The material remaining within the filter (particles >
10 kDa) was washed twice with 150 ulL of MilliQ® water and re-centrifuged to collect
the remaining particles < 10 kDa; this operation was repeated once more, as
suggested by Hall et al. (2022). The degree of protein hydrolysis (DH) was
determined by using the o-phthaldialdehyde (OPA) method following the procedure
described by Jiménez-Munoz et al. (2021) to determine the proportion of free amino

groups (-NH.) released from rice protein degradation into supernatant.

The assay was conducted in 96-well microplates. After derivatisation with OPA and
in the presence of 2-mercapto-ethane sulfonic acid, the produced 1-alkylthio-2-
alcylisonindol compound was measured using a UV/VIS spectrophotometer
(SpectraMax M5 microplate reader, Molecular Devices, US) at 335 nm. The results
were calculated using a standard L-glutamic acid curve (0—-8 mM in 0.5 M perchloric
acid). The enzyme blanks were used as a background, and the obtained OPA values
were subtracted from the OPA values of the protein. The DH (%) was calculated

using Eq. 6.4.
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DH (%) = hi x 100 % (Eq.6.4)
tot

Where:
h represents the amount of free amino groups, expressed in glutamic acid
equivalents (g/L according to a 147.13 g/mol average molar mass of amino
acids)

htot is the total protein concentration in the initial dispersion (g/L).
6.2.9 Analyses of starch digestion kinetics and predicted glycaemic indexes.

The mathematical modelling of digestograms used was summarised in Fig. 3.8
(Chapter 3). Multiple digestible fractions (referred to the portion of starch digested
at rapid- k1 - or slow - k; - rate) were identified as the linear discontinue by applying
a logarithmic of slope (LoS) port form of a first-order kinetic model. Here. The time
at which two linear plots intersect is named tin;, used to identify the time required
to complete a rapid-digestible fraction. The combination of parallel and sequential
(CPS) kinetic model proposed by Li et al. (2020) was applied in the digestion curve,

as shown in Eq.6.5.
Ci = Co + (Coop) X (1 — e7k1t)
+f (£ > tagart, (Cowz) X (1 — e7¥2("t2star)) 0) (Eq. 6.5)

This model, similar to the LoS model, can differentiate digestion phases (e.g., rapid
vs. slow) with different rate constants (ki1 and k2) and concentration at the endpoint
of each reaction phase (C-1 and Ce;). CPS model additionally introduces a variable
named as tastart, Which represents digestion patterns either sequentially, parallelly,
or a combination of both. tastart = O follows the parallel digestion pattern. If tastart > t

int, then the sequential digestion pattern is followed. Otherwise, tint > tastart > O refers

to a CPS digestion pattern (Li & hu., 2021). The predicted glycaemic index (pGl) was
calculated using Eq. 6.6, described by Tamura et al. (2016).

pGI = 39.71 + 0.549HI (Eq. 6.6)
Here, the hydrolysis Index (HI) was calculated by comparing the area under the curve

at 90 mins (AUC90) of digestibility plots for the rice samples with that of white bread
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(AUC90reference), also measured in this work. Three pGl levels were classified as high

(270), medium (56-69), and low (<55) (Kaur et al., 2016).
6.2.10 Rice bolus disintegration

To demonstrate the physical integrity loss of rice bolus in an acidic environment (pH
3), a rice bolus disintegration experiment was conducted as follows (demonstrated
in Fig. 6.3). Following 20 s homogenisation (Section 6.2.5) and mixing with SSF (1:1,
w/w) without salivary amylase, 7g of rice-SSF mixture was fixed into a spherical
mould (radius 1 cm, time 0), then hanger wire was attached to the centre of the
spherical bolus. The hung bolus was positioned at the centre of a 500 mL glass cube
chamber with a black background. The disintegration process was recorded using a
Canon digital single-lens reflex 5D, with a 24-100 mm lens and 31 mm macro lens
extender, a high-resolution camera and lighting equipment. All experiments were
conducted in the same setting and position. Using a tube-connected syringe, 500 mL
of SGF pH 3 was added gradually to the chamber and impregnated the bolus sample.
The camera started recording (time 0) when SGF reached the bottom of the bolus.
The video was then converted into frames, and a graph of the radius versus time

was produced using Matlab (Matlab® 2023a, MathWorks Inc.).
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Fig. 6.3. Schematic representation of bolus disintegration model.
6.2.11 Statistical analysis

Results were calculated as means * standard deviations of three replicates. Tukey’s

test, in conjunction with analysis of variance (ANOVA), was used to determine
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significant differences among samples at a significant level of p < 0.05, using the SPSS
software (version 27, Chicago, USA). In the granulometric measurement for cooked
grain after homogenisation, the cumulative Gaussian statistic model was used to
calculate the particle size distribution after passing the Shapiro-wilk normality test,
used to confirm whether the distribution is normal, using Prism (version 9, San

Diego, CA) based on the method by Blanquet-Diot et al. (2021).
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6.3 Results

6.3.1 Proximate composition and granular morphology of cooked grains

The nutritional composition data for cooked JR and PR are shown in Tab. 6.4. PR's
protein and amylose content were significantly higher than those of JR, but the total
starch content was similar. The protein and starch content results were consistent
with the nutritional values reported on the rice food labels. JR and PR grain shape
was representative of indica rice varieties, and no significant difference was
observed in the apparent morphology between both cooked rice samples (shape
parameter data in Tab. 6.4 and Fig. 6.4A1 and A3). As a result of cooking rice with
LAGG dispersion, no statistically significant differences were detected in the

nutrition composition, kernel size or shape (Tab. 6.4, Fig. 6.4A).

Tab. 6.4. Nutritional composition of cooked rice with and without 1 % LAGG

(g/100g).

Rice type JR JR_1LA PR PR_1LA

Moisture content 62.85+2.81* 62.80+2.06° 62.54+0.60° 62.92 +0.85°
Total starch content  32.33+1.92®° 32.00+0.99® 30.25+1.62%* 30.28+1.70°

In which amylose 5.49 +0.99° 5.70+ 1.06° 8.08+0.43° 7.79+0.51°
Protein content 2.64 +0.39° 2.64+0.20° 3.22+0.08° 3.09 £ 0.47°
Length (L, mm); 9.88+0.39° 10.31+ 0.43° 10.92 +0.26°  9.80+ 0.60°
Width (W, mm) 2.86+0.12° 3.02+0.142 3.17+0.15° 2.80+0.16°
Thickness (T, mm) 0.83+0.10° 0.89+ 0.08° 0.92+ 0.08° 0.80+ 0.07°
sphericity 0.29+ 0.02° 0.29+ 0.02° 0.29+0.01° 0.29+0.01°
Surface area (mm?) 25.91+1.71®  28.78+2.90° 31.90+2.68°%  25.03%3.22°
Roundness (mm) 2.30+0.22° 2.24+0.14° 2.22+0.11° 2.18+0.12°

Mean # S.D. calculated from triplicate measurements. For each parameter (first column), the
different superscript letters indicate values among the four samples are statistically different (p
< 0.05). For moisture content, total starch content, protein content are calculated as a
percentage of weight on the fresh cooked sample basis. Sphericity calculated from
sphericity=(L*W*T) Y3/L (Thakur & Gupta, 2006), Surface area, SA = (n*B*L)%/(2L-B) where, B =
(W*T) %> Roundness = (W/L+T/W+T/L)/3 as reported previously (Karababa & Coskuner, 2007).

6.3.2 Morphology of cooked rice with and without LAGG

Fig. 6.4 shows the microstructural organisation and phase distribution of LAGG and
protein-starch matrices in cooked rice. As observed under fluorescence light (panels

B in Fig. 6.4), the black region in Fig. 6.4 represented the cooked rice grain (cross-
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section), while the highlighted green halo represented the DTAF-labelled LAGG,

indicating that LAGG has been coated along the grain periphery regions of the grain.

JR revealed discontinued protein networks, and the starch granules exhibited
considerable deformation and fused at the exterior layer of the grain. In contrast,
towards the centre of the grain, amylopectin-rich regions (staining in purple with
the iodine) can still be recognisable in the intergranular space (Fig. 6.4C1). PR
contains protein-starch matrices units with shuttle-like shapes, where proteins
enclosed starch granules in netlike arrangements (Fig. 6.4C3). Interestingly, the
LAGG layer in the external region of the grain was less stained than in the uncovered
area, indicating that LAGG-coating can limit the penetration of the stain solution
(Fig. 6.4C2 and C4). The ESEM images of JR revealed granule units that were
deformed with intergranular fissures and loose granules attached to the edge (Fig.
6.4D1), indicative of starch granules leaching. In PR, granule agglomerates and inner
tunnels were also observed, indicating a loose fracture plane (Fig. 6.4D3). Cooked in
LAGG dispersion, both grains developed a thin gel-like coating around the pericarpic
region, showing the adhesive properties of LAGG gel coating. As a result, both LAGG-
coated rice grains still had recognisable intact starch granules, suggesting that LAGG
mitigates starch gelatinisation by obstructing kernel pores and channels and

hindering water penetration (Fig. 6.4D2 and D4).
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Fig. 6.4. Morphology of cooked rice grains. Numbers 1 to 4 refer to JR, JR_1LA, PR, and
PR_1LA, respectively. (A) apparent morphology of cooked grain (ruler scale =1 cm); B) cross-
section of DTAF-labelled LAGG-coatings on cooked rice observed under a fluorescence
microscope at 2X maghnification; C) Cross-section of cooked grain under a light microscope.
Protein bodies appeared green with fast green staining, starch exhibited a purple stain from
Lugol’s solution, amylopectin-rich regions were purple, and amylose-rich regions were blue.
Scale bar =100 um, O: outer endosperm and |: inner endosperm. D) Cross-section of cooked
grain under ESEM (Scale bar =100 um). Red arrows in (B), (C), and (D) indicate LAGG-coating.
E: endosperm; S: surface of the grain.

6.3.3 Texture properties of cooked rice with and without LAGG

Aside from determining eating quality, the texture profile of cooked rice affects
particle size reduction and starch digestion initiation in response to mastication. The
resultant bolus (swallowable chewed mass) could further accelerate and facilitate

starch digestion (Tamura et al., 2017; Choy et al., 2021; Sethupathy et al., 2021).
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Fig. 6.5. Radar charts showing the textural characteristics of cooked rice with and
without LAGG. The texture parameters are hardness, adhesiveness ,cohesiveness ,and
chewiness. For each textural characteristic, a factor was calculated by dividing the
measured value by the highest value (set to 1) among the four samples (JR, JR_1LA, PR
and PR_1LA) measured.

As demonstrated by the results of the double-cycle compression TPA (Fig. 6.5),
differences were observed among the grains with and without LAGG-coating.
Hardness relates to the force required to break the grain during the first bite. The
physical and chemical characteristics of rice grains (the leaching materials during
cooking) are likely to be the major determinants of the adhesiveness (degree of
stickiness) between rice grains and “teeth” (probe interfaces). Through continuous
oral processing, the degree of deformation and resistance of the rice is reflected
through its cohesiveness and chewiness (Yau & Huang, 1996; Han, Lee & Meullenet,
2017; Hong, 2017; Tao et al., 2020). As shown in Fig. 6.5, The texture profiles of PR
differ from those of JR, PR exhibited higher hardness, cohesiveness, and chewiness
but less adhesiveness than JR. This could be attributed to PR's high protein and
amylose content, combined with its compact microstructure, ensuring starch
structural retention (Martin & Fitzgerald, 2002) and preventing gelatinisation (Ong
& Blanshard, 1995).

Similarly, Nawaz et al. (2016) found that alkali treatment increases the stickiness of

cooked rice after protein removal. Also, Li et al. (2019) reported that non-glutenous
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rice kernels were stickier after surface protein removal. Regarding starch molecular
structure, higher amylopectin content, a branched polymer of starch, features more
shear and extension viscosities than linear polymers like amylose. As cooked rice
(120°C) cools to serving temperature (65°C), rice starch undergoes a short-term
retrogradation. The linear structure of amylose facilitates its re-association faster
than that of amylopectin (Hu et al., 2020). Therefore, a greater amount of amylose
in cooked PR, which leads to a faster formation of an amylose network that restricts
the movement of amylopectin, thereby decreasing its flexibility and increasing
cooked rice rigidity (Riva et al., 2000; Bertoft et al., 2004). Combined with the
denatured protein networks generated by the parboiling process, the resulting
protein-starch matrices exhibited a rigid texture while having difficulty recovering

from distortion, thereby reducing adhesiveness.

No significant differences were observed in PR_1LA and PR texture properties,
whereas JR_1LA had reduced adhesiveness compared to JR. This suggests that
cooking in LAGG dispersion results in greater rigidity for JR_1LA than for PR_1LA.
Similarly, Chung et al. (2007) reported that applying LAGG at a concentration of 0.7
% significantly reduced the adhesion of cooked white rice. This can be attributed to
the change in surface characteristics caused by gum additions affecting water
penetration and leaching of starch molecules, especially amylopectin, during
cooking. Additionally, LAGG gel may have formed an elastic and brittle gel when
cooled (Sworn & Stouby, 2021).

6.3.4 In vitro oral digestion of cooked rice with and without LAGG

The Gl of the same rice types varies significantly in vivo because of differences in
particle size distribution caused by individual differences (such as chewing time,
efficiency, and salivary enzyme activity). Moreover, the characteristics of the rice
itself may affect Gl (Kataoka et al., 2013; Liu et al., 2020). Rice disintegration has
been studied using various in vitro methods, including grinding, blending, and cut-
and-pestle, with the former two approaches providing similar physical
characteristics as in vivo mastication (Tamura et al., 2017). Additionally, different
simulation times for default (7.7 s) and normal (14.8 s) chewing scenarios on the
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starch digestion of refined and wholegrain pasta under unified “masticatory”

efficiency (shear stress) conditions were also used (Blanquet-Diot et al., 2021).

Thus, simulated procedures for oral processing of cooked PR and JR were developed
following previous work by Moongngarm et al. (2012) to investigate how
homogenised rice particles degrade over time, including the factors that may be
affected by rice’s texture differences. Homogenisation for 10 s is considered to be a
simulation of normal mastication, which is half the simulation duration
recommended for fine oral processing (Moongngarm et al., 2012; Mandalari et al.,
2018) The median particle size d(50), defined as the theoretical sieve through which
50 % of the mass could pass, is shown in Fig. 6.6. In the boluses collected following
10 s homogenisation, there were significant differences in particle size distribution
between PR and JR, evidenced in d(50) values of 1.26 + 0.07 mm and 0.99 + 0. 11

mm, respectively.
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Fig. 6.6. The particle size distribution of cooked rice with and without LAGG after
oral processing in vitro simulation. Particle size distribution curves were obtained after
10 or 20 seconds of homogenisation (in imitation of normal and fine mastication,
respectively). Curves were presented as the mean cumulative weight (3 replicates) of
particles passing through each sieve of four sieves in total. A homogenised mass containing
particles larger than the greater sieve aperture or particles remaining in the sieve's mesh
did not reach 100 % cumulative weight.

The constituent particles of both boluses became smaller after the 20 s

homogenisation, and no significant differences were observed in their d(50) values
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(0.88 £ 0.01 mm for PR and 0.86 + 0.01 mm for JR). Similar results have been noted
for middle-scale foods like pasta, where wholegrain pasta had a smaller particle size
distribution when compared with refined pasta after normal mastication simulation

(Blanquet-Diot et al., 2021).

Cooking in LAGG dispersion did not lead to significant changes in particle size in the
PR bolus after 10 s and 20 s oral processing, whereas a significantly larger d(50) value
was observed in JR_1LA compared to JR control after 20 s homogenisation. This
might be ascribed to the interaction between leached starch molecules and small
gel nuclei under the applied shear mixing (Fang et al., 2018). Like practical
mastication (fragmentation and salivation), the liquid phase of an in vitro oral
process consists primarily of maltose, with small amounts of dextrin, maltotriose,
and glucose (Blanquet-Diot et al., 2021). As such, the amount of maltose released
from “chewed” rice mass is a measure of oral starch digestibility (converted total
starch of rice samples into maltose), as shown in Fig. 6.7. The oral starch digestibility
differed among rice types. Intact JR had significantly higher starch digestibility than
PR, which remained highest under both homogenisation processes. This suggests
that when rice is consumed as whole grains (swallowing), its compact structure is
important in limiting starch digestion. The role of particle size on digestibility could
be more clearly understood by considering that rice flour (physical dispersion of rice
grains) shows a significantly higher starch digestibility than rice grains, even when
pre-homogenised. Starch digestibility in rice starch isolates was even higher than in
flour as protein networks were removed. These results suggest that a greater degree
of structural disintegration may be associated with a more rapid rise in rice starch
digestibility.

For JR, LAGG-coating significantly reduced starch digestibility. Although starch
digestibility increased under homogenisation, it was still less than rice control, with
digested starch below 5 %. This might be due to LAGG partially coating rice
fragments, limiting amylase accessibility. Moreover, the larger rice fragment size at

20 s homogenisation would further contribute to the reduced starch digestibility in

JR, due to a lower surface area available for enzyme attack (shown in Fig. 6.6). For
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PR, starch digestibility was lower than JR at any homogenisation time, but LAGG-
coating did not significantly reduce the digestibility, possibly due to the already low
starch digestibility in this rice type. Furthermore, no significant increase in particle
size after homogenisation was observed in LAGG-coated samples compared with the

non-coated.

16
Il Homo 0s
a B Homo 105
O Homo_20s
@ 12} [ Rice flour
) b .
= E8 Rice starch
£ f
[*]
1
& 8 c
- N
= e
-P]
> de
%]
20 efe
a2 4 fg
h h
0
JR PR JR_ILA PR_ILA

Fig. 6.7. In vitro oral phase starch digestibility of cooked rice grain with and
without 1 % LAGG after homogenisation (0 s, 10 s and 20 s). The starch digestion of
water-cooked JR and PR flour, as well as JR and PR starch isolates, were also included as
references.

6.3.5 Rice bolus disintegration behaviour

By exposing LAGG hydrogel to an acidic gastric-like environment, the gel structure
can be reinforced through intra- and intermolecular associations with univalent or
divalent cations with ionic bonding and electrostatic forces of attraction (Norton et
al., 2011; Tako et al., 2016). The stronger LAGG gel, formed at low pH, may, in turn,
contrast the disintegration of rice boluses, as demonstrated by imaging modelling
shown in Fig. 6.8. To achieve this, a standardised bolus (based on weight and shape)
was immersed in SGF without pepsin. An analysis of the changes in the bolus size
over time was performed. Physiologically, the formation of rice bolus is related to
the cohesiveness of rice mass, whereby the resulting compression forces of the
oesophagus cause chewed rice fractions to adhere to each other and form a solid
mass (Peyron et al., 2011). Under the influence of digestion solution penetration
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(inducing swelling) and degradation (decomposition) of acids and enzymes, the
bolus is disintegrated into small particles in the gastric phase (Drechsler &
Bornhorst, 2018). As a result, studying this process (structural changes in bolus and
time) can indicate the rate of gastric emptying and the likelihood of rice chyme
exposure to enzymes that have smaller particle sizes and larger surface areas,

resulting in a faster digestion rate (Bornhorst & Singh, 2012).

When immersed in SGF (no pepsin), the JR bolus experienced swelling three times
greater than the initial bolus. As shown in Fig. 6.8A, the radius of the bolus increased
and began to disintegrate at the 17 min, as small peripheral pieces began to peel
off, resulting in a reduction in radius. In the following 5 mins, two occasions of
swelling and disintegration were observed in JR boluses, with a reduced swelling
extent on the radius. The remaining bolus fell from the test site after 30 mins,
signalling the end of the disintegration test, which coincided with that of the static
gastric phase in the current study and reported previously (Tamura et al., 2017).
Under current experimental conditions, the JR_1LA bolus exhibited a similar
swelling but no piecewise disintegration pattern (Fig. 6.8B). Within 20 mins, the
JR_1LA bolus radius gradually increases by approximately 20 % to the initial radius.
The presence of a higher proportion of rapid-digestible starch (RDS) in masticated
rice has been reported to facilitate the formation of a bolus in vivo compared to rice

with lower RDS (Ranawana et al., 2010), consistent with the findings in Section 6.3.4.

It is possible that inner starch digestion and acid penetration account for bolus
disintegration differences. Although salivary amylase deactivates on the surface of
rice bolus at low pH, starch digestion still occurs since amylase inside the bolus
remains active (Nadia et al., 2022). During this process, the cohesive force of the
starch particles and the structural barriers for water penetration were reduced. The
rice bolus containing LAGG showed expansion without piece peeling, indicating that
LAGG-coating delays the process of disintegration under gastric conditions. This may
be due to the increased strength of the coating gel at pH 3, which can hinder the
diffusion of the solution. In agreement with these findings, Norton et al. (2011)

reported that exposing LAGG fluid gels to an acidic gastric-like environment
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increased the gel's strength. A similar result has been reported by Santos et al.
(2018) that self-structured gels exhibit greater hardness (represented by higher
rupture stresses) due to hydrogen ions bonding to available anionic sites, resulting
in distance reduction between the helices of the LAGG, creating a more compact gel
structure. Meanwhile, the textural characteristics of PR may contribute to its fast
disintegration. The PR bolus disintegrated much faster and dissolved within 1 min
(Fig. 6.8C), and the same deformation pattern was also observed in the PR_1LA
bolus (Fig. 6.8D).The rigid structure of cooked PR showed a high hardness and low
stickiness, suggesting that the rice grain may be difficult to deform and challenging

to reshape as a bolus due to its lack of cohesion linkages.

A gravity-induced disintegration of the bolus in an acidic environment would occur
using this experiment setup, although this does not reflect the in vivo digestion
process occurring in the stomach. In fact, it is important to consider the mechanical,
chemical, and enzymatic limitations encountered when developing the next
experimental strategy. Some techniques are being developed to investigate the
effect of dynamic changes in pH and forces on rice bolus disintegration. The
adhesive texture of JR promoted saliva impregnation and enhanced particle
cohesion. JR was less resistant to structure disintegration than PR, especially during

the gastric phase.
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Fig. 6.8. Rice bolus disintegration of cooked rice with and without LAGG in the simulated acidic (pH 3) gastric-like environment. The overlaid
images of the bolus were captured at the beginning and end of the stay in the experiment site before falling off.In PR, the process of dissolving occurs
within a short period following the immersion of the rice bolus into the SGF. In this case, the image shown represented the partially dissolved state of the rice
bolus in the solution.
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6.3.6 Invitro digestion of cooked rice with and without LAGG

To understand whether there is a microstructure (protein-starch matrices) effect on
the digestibility of rice cooked with or without LAGG, in vitro static and semi-
dynamic digestion experiments were performed. In both digestion models, a-
amylase had 50 units of activity per 100 mg of starch, which is 10-fold higher than
that suggested for cooked rice flour, allowing sufficient starch digestion over time
(Farooq et al., 2018). A digestogram is a curve illustrating the increase in hydrolysed
starch (mainly maltose) released in the supernatant with time. The free amino

groups produced by protein hydrolysis under corresponding trypsin activity were

also evaluated.
6.3.6.1 Static model

The starch digestibility (%) in cooked rice grain following three homogenisation

conditions (0's, 10 s, or 20 s) is shown in Fig. 6.9.
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Fig. 6.9. Starch digestibility of cooked grains with and without LAGG. The starch
digestibility was evaluated under three different structural conditions: non-homogenised
(0 s), homogenised 10 s, and 20 s. (A) JR; (B) JR_1LA; (C) PR; (D) PR_1LA. The dot points
correspond to the experiment-measured values; all error bars represent standard
deviations (n =4), and dashed lines correspond to the kinetic model fittings for the digestion

curves. G: gastric phase, In intestinal phase.
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Each rice sample’s starch digestion curve displayed an increase at the function of
time following the order specified: intact grain < 10 s homogenisation < 20 s
homogenisation. There is a good agreement between these findings and those
reported in the literature demonstrating that the degree of starch digestion in rice
grains is related to the homogenisation degree of rice grains (1 s or 120 s) (Tamura
et al., 2017). Protein digestion increased, as well as starch digestion, in response to

the extent of oral processing, as shown in Fig. 6.10.
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Fig. 6.10. Protein digestion in cooked rice grains with and without LAGG. The
protein digestibility was evaluated under three different structural conditions: non-

homogenised (0 s), homogenised 10 s, and 20 s. (A) JR and JR_1LA, (B) PR and PR_1LA,
respectively.

When both rice types were homogenised for 20 s, about double the amount of
hydrolysed protein was released compared with intact grains by the beginning of
the intestinal phase (15.3 % vs 8.5 % for JR_20sand JR_0s, and 11.1 % vs 5.0 % for
PR_20 s and PR_O s, respectively). Both types of rice were also found to have the
highest amount of protein digestion at each time point following homogenisation
for 20 s. This suggests that the extent of homogenisation can facilitate protein
digestion. Under three homogenisation conditions, PR exhibits a lower degree of
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protein digestion than JR. This could be due to the heat-induced changes in rice
physicochemical properties and the formation of new bonds in the protein network,
such as hydrophobic interactions and intramolecular disulfide bonds, resulting in
lower protein digestibility. Similarly, reduced protein digestibility was reported in
heat-treated rice protein suspension than in control (non-heat treatment) (Liu et al.,

2021).

All digestion profiles resulted in acceptable (Tab. 6.5, R? > 0.99) after data
transformation fitting into the CPS kinetic model (Section 6.2.9). It has also been
observed that there were two distinct linear fractions involved in the digestion of
starch in samples: nearly 20 % of the starch was digested in the first phase with a
faster rate constant (k1), whereas the remaining was digested in the second phase,
with a slower rate constant (kz2). The rapid digestion phase of all the samples was
completed within 20 mins after they were introduced into the digestion solution.
This is consistent with the RDS definition by Englyst et al. (1992), indicating the
presence of RDS in the rice samples. After homogenisation, the two rice types
exhibited different patterns of reaching the slow stage. The starch digestion of intact
JR reached the slow stage after 15 mins, with 21.6 % of digested starch (C1) at k; of
0.136. As aresult of the 10 s and 20 s homogenisation, k1 increased nearly by twofold
and 2.5-fold, respectively. The rapid digestion phase of the 10 s and 20 s
homogenised JR samples was also extended to over 15 mins, resulting in significantly
higher C-~1 than that of intact JR, which were 24.7 + 3.4 and 27.5 £ 0.9, respectively.
Compared with intact JR, intact PR’s starch digestion curve showed more flattened
contours, resulting in a significantly lower ki (0.044 versus 0.136, respectively). As
homogenisation time increased from 0 sto 10 sto 20 s, PR reached a similar amount
of starch digestion at a faster rate, with about 18-21% (C-1, Tab. 6.5) of starch
digested in 15 min, 10 min and 5 min, respectively (ki increased from 0.04 to 0.15).
There was a significant reduction in rice starch and protein digestibility in both rice
types when LAGG was added. However, there may be a difference in LAGG's ability
to mitigate starch digestion between the two types of rice. For JR, the kinetic fitting

results revealed that rice with LAGG had a two-phase digestion pattern similar to
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rice control but at a lower rate and extent (Tab. 6.5). When the extent of
homogenisation increases, the LAGG mediation effect on JR starch digestion
remained effective, as the initial concentration (Co), constant rate (ki), experimental
extent (C1), and period of rapid digestion phase (tint) (parameter details in Section
6.2.9) exhibited a non-significant increase. For PR, the Cw1 reached a similar
concentration at the end of the rapid digestion phase for intact and homogenised
samples, while a faster digestion rate (ki, Tab. 6.5) was observed in the 10 s and 20

s homogenised samples.

While the rate constant (k) for the slow stage was at least five times lower than that
for the rapid stage (ki), the longer duration of the slow stage (160 mins compared
to 20 mins) resulted in a greater amount of starch degradation in the slow stage as
Cw2 was nearly twice as Cew1. This indicates that the slow digestion stage is an
essential step in starch digestion in cooked rice. Upon homogenisation, no
significant increase was observed in k;, which could because the role of particle size
for slowly digestible starch is less important than for rapidly digestible starch, and it
may be instead related to the higher proportion of in slowly digestible starch. The
expected total amount of hydrolysed starch (Costotal = Co + Cw1 + C2) Was lower in

intact grains than in homogenised grains.

The insignificant k; increase after homogenisation of JR grains suggests that
homogenisation was associated with increased RDS (Tab. 6.5). Homogenisation
caused disruption of the grain, exposing more starch to enzymes. In the presence of
LAGG-coating, grain fragments may still be partially coated by the hydrocolloid,

which hindered enzyme accessibility.

Regarding PR, the impact of homogenisation on the rapidly digestible starch (RDS)
portion appeared to be more significant on the digestion rate (ki) than on the
amount of starch digested (C~1). Compared to JR, PR contains a higher proportion
of slowly digestible starch (SDS), which is the pregelatinised starch produced during
parboiling (Hasbullah et al., 2017). It is possible that the RDS fraction is formed at
the periphery of kernels because of damaged protein networks (that prevent starch
from digestion) and swelling starch granules formed during cooking (Li & Hu, 2020;
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Zou et al., 2015). After RDS digestion, SDS becomes more easily attacked by digestive

enzymes, and the digestion rate of the SDS fraction is accelerated.

The pGl is shown in Tab. 6.5. The pGl of intact JR was significantly greater and
characterised as high-Gl (71.4 + 3.8 > 70), while the mean pGl of intact PR was 50.0
+ 2.6 <55 and classified as low-Gl group. These values are in line with most published
in vitro and in vivo studies (Ranawana et al., 2009; Sivakamasundari et al., 2020;
Truong et al.,, 2014; Wolever et al., 1986). After cooked rice samples were
homogenised, the pGl of PR increased significantly. Both are classified as high-Gl
food, which is also comparable with those reported by Wolever et al. (1986) and the
results from the Chinese group reported by Kataoka et al. (2012) (PR’s Gl of the
Chinese group ranges 63—82 in and 50-64 in European group using glucose solution
as a reference). The addition of LAGG significantly reduced the pGl of JR in both
homogenisation conditions, showing a decrease of approximately 20.89 + 1.35 %
and 17.27 £ 1.89 %, respectively. LAGG had a significant impact on lowering the pGl
of 20 s homogenised PR (80.7+1.5) compared to the respective 20 s homogenised

PR control (85.8+1.2) (Tab. 6.5).
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Tab. 6.5. Fitting of the kinetic models for in vitro digestion (static model) cooked rice with and without LAGG after oral-gastrointestinal processing
simulations (0's, 10 s, 20 s).

time Co (%) ki (min 1) Coo1 (%) tint (min) k2 (min 1) Coo2 (%) Ciotal (%) Cis0 (%) pGl R?
Os 9.0+0.8° 0.136+0.020¢¢ 21.6+3.3®® 150+0.8° 0.014+0.002%® 39.4+0.6% 71.0+4.7> 61.3+55° 71.5+3.8° 0.9993
JR 10s 10.6 £3.12 0.269+0.033® 24.7+3.4%® 154+0.3? 0.016+0.002%® 500.1+5.1°¢ 84.8+0.8" 83.6+1.4> 828+%2.0 0.9990
20s 10.8+2.5% 0.353+0.015® 27.5+09® 15.7+0.9?% 0.017+0.001° 61.0+1.9°" 98.5+0.5° 96.6+1.4° 86.2+1.3% 0.9993
0s 3.7+19% 0.055+0.011¢F 22.8+4.1%® 10.0+1.0° 0.011+0.001° 39.8+2.8% 66.3+4.4° 56.6+7.1° 48.9+0.6° 0.9993
JR_ILA  10s 6.2+1.3% 0.070+0.007¢ 23.7+3.1% 11.9+2.2% 0.014+0.001*® 457+47°% 756+4.1° 689+1.1° 725+1.9% 0.9990
20s 6.7+1.2%® 0.080+0.005°¢ 25.5+2.3®® 150+0.6® 0.013+0.0022® 49.7+7.1°¢ 81.9+6.0° 77.1+1.4% 80.9+232% 0.9993
Os 7.3+2.9% 0.044%0.001F 209+2.2%® 157+24° 0.009+0.002° 25.5+3.6° 53.7+4.6° 46.1+579 500%1.6° 0.9990
PR 10's 7.6+3.1°® 0.129+0.019¢ 18.7+1.1® 10.0+0.5°¢ 0.012+0.001® 47.3+0.9% 73.6+56° 657+56° 76.4+1.4° 09919
20s 8.0+3.3® 0.150+0.008¢ 18.3+0.6® 5.0+0.5¢ 0.014 +0.001%® 71.8+1.5° 98.1+0.8% 93.0+1.4°® 85.8%1.22% 0.9967
Os 47+0.8° 0.041+0.005F 139+16° 10.0+1.0° 0.010+0.002¢ 21.5+2.38f 40.1+3.7° 37.1+1.4° 483+15° 0.9996
PR_1LA 10s 6.6+0.2%° 0.072+0.002¢ 16.7+2.1° 10.8+1.2¢ 0.011+0.003* 368+1.1°¢ 60.1+4.8°¢ 588+33° 689+19¢ 0.9988
20s 6.8+1.2%° 0.100+0.005¢ 143+1.0¢ 55+0.7¢ 0.013+0.002%® 60.5+1.6" 81.6+3.2° 80.5+6.0" 80.7+1.5% 0.9928

Mean + S.D. calculated from triplicate measurements. For each parameter (column), the different superscript letters indicate values among the four samples
are statistically different (p < 0.05). Values presented here are: the concentration of digested starch (Co, %) at the beginning of intestinal digestion phase;
starch digestion rate constants of rapid (ki) and slow phase (k;), corresponding estimated percentage of digested starch (C1and Cw;, %), tint is defined as the
time intersection of two distinct digestion phase. The percentage of digested starch at the end of experiment predicted (Ciota, %) and practical (Ciso, %),
predicted glycemic index (pGl), and the goodness of curve-fitting (reflected by R2).0s, 10's, 20 s refer to different homogenisation time
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6.3.6.2 Semi-dynamic model

To gain more detailed information about starch digestibility under in vivo conditions,
the effect of changing gastric pH (to simulate chemical changes in the gastric phase
in vivo) and peristaltic compression forces (to simulate mechanical effects through
digestion fate) was evaluated using a semi-dynamic model. Besides the LAGG-
coating ability to inhibit starch digestion, the role of LAGG viscosity in the in vitro
digestibility of cooked rice has been highlighted in this thesis. Hence, during in vitro
digestion, the mixture's viscosity was monitored (Section 6.3.6.2). Fig. 6.11 and Fig.
6.12 shows the in vitro semi-dynamic starch and protein digestibility of cooked

grains
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Fig. 6.11. In vitro semi-dynamic starch digestibility of cooked grains with and
without LAGG. The starch digestibility was evaluated under three different structural
conditions: non-homogenised (0 s), homogenised 10 s, and 20 s. Panels A to D correspond
to starch digestion of JR, JR_1LA, PR and PR_1LA, respectively, during the gastric phase (G;
30 mins), followed by the intestinal phase (In; 180 mins). Sample legend in panel A. Light
grey, grey and black circles correspond to starch digestibility (measured values) from
samples homogenised for 0 s (intact grain), 10 s and 20 s, respectively. The dashed lines
correspond to kinetics model fittings for the digestion curves of each sample. Light grey,



grey, and black lines refer to the respective viscosities. Error bars represent standard
deviations (n = 4).

As shown in Fig. 6.11, the viscosity in the gastric phase was between 2 and 3 times
the viscosity in the intestinal phase, possibly due to the dilution caused by the SIF.
While semi-dynamic model results were similar to the digestion trends (a general
increase in the degree of hydrolysis as the digestion time progresses) in starch and
protein (Fig. 6.11 and Fig. 6.12) obtained from the static model (Fig. 6.9 and Fig.
6.10). This indicates that starch and protein hydrolysis continue over time under
both digestion systems. For Protein digestion, there is a clear differentiation in the
degree of hydrolysis among the different homogenising time. For instance, JR_20 s
appears to have a higher degree of hydrolysis compared to JR_O s, indicating that

physical disruption of granular structures enhances starch and protein digestion

efficiency.
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Fig. 6.12. In vitro semi-dynamic protein digestibility of cooked grains with and
without LAGG The protein digestibility was evaluated under three different structural
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conditions: non-homogenised (0 s), homogenised 10 s, and 20 s. Panels A and B correspond

to protein digestion of JR and JR_1LA, PR and PR_1LA, respectively.

Further for starch digestion, during the intestinal phase, the extent of digested
starch increased and appeared to slow down, reaching equilibrium in all samples
after 120 mins, similar to the digestion curve obtained from the static model. With
an R? > 0.99, the kinetic model accurately fitted the whole digestion curve. In
agreement with what was observed in static models during digestion, two distinct
digestion fractions (rapid to slow) were identified among the rice samples. The
fitting parameters are shown in Tab. 6.6. As predicted, the digestion rates of rapidly
digestible fractions (ki) were significantly higher than those of slowly digestible
fractions (kz), in agreement with the results of static digestion. Among the rapid
digestion phases (within 20 mins), the rapid digestion extent accounted for 20 % of
the total digestion amount, while the slow digestion phase was the major
contributor (80 %) to the total amount of digested starch. These parameters were
in good agreement with the rate constants and digestion extents observed in static
models and published in the literature for regular and retrograded starches

(Edwards et al., 2014; Gong et al., 2019; Li et al., 2019).

The increase in the extent of homogenisation in JR was consistent with the increase
in k1, C—1 and intersection times (tzstart), Which indicated that oral processing to the
food model like rice grain had a substantial impact on starch digestibility in vitro, in
agreement with the static model results. It was interesting to note that the ki, Ce1,
and tatart values were not significantly different for PR under different
homogenisation extents. The PR's textural characteristics may be responsible for the
behaviour in response to the compression force applied in the semi-dynamic
system. The PR observed a hard and less sticky texture in Section 6.3.3, rapid
disintegration data in Section 6.3.5 and low viscosity in the semi-dynamic model. It
can be hypothesised that PR grain has a rigid structure that makes it difficult for rice
fractions to form a compact bolus. The simulated peristalsis compression in the
semi-dynamic model facilitated the PR structure breaching, resulting in a closer
particle size distribution and starch digestibility to JR than that observed with the
static model (Tab. 6.6).
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Rice cooked in LAGG dispersion produced a more viscous system on digestion. A
significant increase was observed in the intestinal phase of JR_1LA, increasing from
470 cP to 650 cP in response to the increase in homogenisation. It was also observed
in JR_1LA that starch digestibility and pGl were lower than the JR control. These
results suggest that the LAGG provides an external resistance (via viscosity increase)
to enzyme diffusion, which may contribute to digestion restriction. Similar
phenomena have been noted when modulating the viscosity of starch gels by the
addition of hydrocolloids (such as guar gum and xanthan gum), attributed to the

difficulty of enzymes in accessing starch (He et al., 2020a; Santamaria et al., 2022).
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Tab. 6.6. Fitting of the kinetic models for in vitro digestion (semi-dynamic model) cooked rice samples with and without LAGG under different oral
processing simulations (0 s, 10 s, 20 s).

time Co (%) ki (min ) Ceo1 (%) tint (Min) ka (mint) Coo2 (%) Crotal (%) Cis0 (%) Guisco (CP) INyisco (CP) pGl R?

O0s 16.0+4.7%® 0.185+0.049% 20.3+6.6%® 14.1+2.1> 0.015+0.001* 56.4+3.5% 92.7+1.6% 86.4+2.7%* 1230+220® 390%60" 73.9+1.9% 0.9962
JR 10s 19.1+21° 0.224+0.061%  24.0+4.4° 13.1+2.2% 0.016 £0.0062 55.3+4.0% 98.3+1.02 84.9+4.6* 1110+210® 400+90" 77.3+2.7% 0.9927
20s 17.6+3.1%® 0.269 +0.041° 26.8+1.3? 11.7+1.4¢ 0.014 +£0.001® 55.1+2.2% 99.4+0.5% 93.8+3.3° 1130+ 190* 430+50° 784+1.1® 0.9991
O0s 12.0+1.0° 0.085 +0.021¢ 245+3.92 20.0+1.0° 0.012+0.001%* 34.8+2.5¢ 713 +3.3¢ 70.6 £5.7¢ 1200 +£210* 470+70° 65.0+1.9¢ 0.9968
10s 16.5+3.5% 0.088+0.012¢ 222+2.8% 183+2.4% 0.015+0.001® 44.2+3.1°¢ 82.9+29% 78.9+3.1° 1210+180® 570+120% 70.7+1.0%¢ 0.9929
20s 14.0t1.0° 0.095 +0.025¢ 248+1.6° 12.2+3.0° 0.017£0.002° 48.6+3.6° 87.4+6.5%» 77.5+2.0°% 1210+160% 650t 1002 73.3+0.9% 0.9961
O0s 11.5+0.6° 0.150 £ 0.003°¢ 22.0+2.1% 15.0+0.5° 0.006 +0.001¢ 46.5+1.6¢ 80.0+4.6% 73.5+2.2%  460+90" 290 + 40 63.5+1.2¢  0.9998
PR 10s 13.6+2.3° 0.153 +£0.005°¢ 25.6+0.4° 15.0+1.0° 0.009 +0.003%¢ 54.1+9.0° 93.4+54% 857+26% 490+ 100° 270+ 40 69.3+1.9¢ 0.9984
20s 183+1.6° 0.174 +0.00°%° 24.1+35°2 12.7+2.7% 0.013+£0.004%® 50.9+4.9°¢ 92.7+5.5% 842+1.0% 530%60" 240 + 30¢ 75.7+1.8% 0.9998
O0s 9.4+2.0° 0.110+0.014 13.9+2.5¢ 13.3+2.4% 0.010£0.002%¢ 52.0+ 2.7 75.4 £2.1¢ 66.2 £5.8¢ 490 + 110° 300+ 60 56.8+1.9¢ 0.9969
10s 13.8+0.7° 0.090 + 0.026¢ 17.1+4.2° 15.2+1.2° 0.008 £0.001¢  60.8 + 6.0% 91.7+7.5% 75.7+3.9% 520%60" 310+ 60 64.7+1.7¢ 0.9979
20s 11.7+0.6° 0.119+0.022< 15.7+1.0° 5.0+0.5¢ 0.010£0.005° 65.4 +3.92 92.8+5.23% 83.2+3.8° 600 + 80 290+ 70 71.5+1.8° 0.9971

R
1LA

PR_
1LA

Mean * S.D. calculated from triplicate measurements. For each parameter (column), the different superscript letters indicate values among the four samples are
statistically different (p < 0.05). Values presented here are: the concentration of digested starch (Co, %) at the beginning of intestinal digestion phase; starch digestion
rate constants of rapid (ki) and slow phase (k,), corresponding estimated percentage of digested starch (Ce.1and Ce, %), tint is defined as the time intersection of two
distinct digestion phase. The percentage of digested starch at the end of experiment predicted (Ciota, %) and practical (Ciso, %), gastric (Gvisco) and intestinal (Inyisco)
viscosity changes; predicted glycemic index (pGl), and the goodness of curve-fitting (reflected by R?). 0's, 10's, 20 s refer to different homogenisation time
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6.4 Conclusions

By using static and semi-dynamic digestion models, this study demonstrated LAGG's
ability to reduce starch digestibility in cooked rice when subjected to three levels of
oral breakdown simulations (non, normal, fine). The findings of this study support
and demonstrate the importance of oral processing of cooked rice in initiating in
vitro starch digestion assessment, especially in static models, since it affects particle
size reduction and enzyme exposure. Compared to chewed rice, swallowed rice
(intact grains) was less digestible. A compact grain structure may prevent starch
from leaching into the matrices and being exposed to amylase. As a result, the
increased digestibility of orally processed rice is expected to depend on the
formation of rice fragments, which are more easily impregnated with digestion
solutions. It is also important to consider the texture characteristics of the food
model, such as cooked rice, as the food model could respond differently to oral
processing in terms of grain fracturability and starch digestion performance. Rice
cooked with LAGG showed promising results for delaying starch digestion. This may
be due to physical barriers, structural integrity preservation, and viscosity

enhancement.
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Abstract

Rice is an essential food alternative for individuals with gluten sensitivities or
allergies. However, high in rapidly digestible starch and can potentially cause health
complications for those with diabetes. These concerns may be mitigated by the
development of rice-based products on a reduced glycaemic index. This study

proposes a rice-based pasta possessing this desirable characteristic.

The effect of rice protein and low acyl gellan gum addition on the physicochemical
properties, microstructural modification, in vitro starch digestibility and predicted
glycaemic index of cooked gluten-free orzo pasta was investigated. Gluten-free orzo
pasta formulations consisted of 100 % rice flour or rice flour partially replaced with
rice protein (9 %, w/w) and/or low acyl gellan gum (1 %, w/w). Another approach
was to add the same amount (1 %, w/w) of low acyl gellan gum to the cooking water

rather than to the formulation itself.

In rice protein and low acyl gellan gum-incorporated formulations, orzo pasting
properties showed distinct viscosity profiles and a greater tendency to short-term
retrogradation (setback viscosity) than the rice flour control. The resulting cooked
orzo from modified formulations had a lower cooking loss and higher structural
ordering than the control. Rice protein enrichment resulted in cooked orzo with a
soft, extensible texture. Low acyl gellan gum addition increased the orzo texture
strength to a different extent, whether in formulation or cooking water. The rice
flour and low acyl gellan gum-incorporated formulations had intermediate texture
properties. In rice protein and/or low acyl gellan gum-incorporated orzo, starch
digestion rate and predicted glycaemic index decreased under the static in vitro
digestion model, whereas this reduction was less noticeable under the semi-
dynamic digestion model. Rice-based orzo incorporated with rice protein and low
acyl gellan gum showed the lowest starch digestibility and predicted glycaemic index
in the semi-dynamic digestion model. This suggests that rice protein and low acyl
gellan gum are promising for producing low-glycaemic index orzo with improved

cooking quality and texture.
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Highlights

Rice-based orzo formulations with rice protein and/or low acyl gellan gum
were tested for their cooking quality (optimal cooking time, cooking loss,
rehydration), microstructural and textural properties, and in vitro starch
digestibility.

Rice-based orzo pasta containing 1 % low acyl gellan gum showed reduced
starch digestibility and a low predicted glycaemic index.

A positive effect of producing orzo with rice protein and low acyl gellan gum
on reducing starch digestibility was also observed under a semi-dynamic in
vitro digestion model.

Orzo incorporated with 9g/100g of rice protein and/or 1g/100 g of low acyl
gellan gum improved cooking quality with less cooking loss.

Orzo incorporated with rice protein showed a hybrid A+V crystalline starch

structure type, indicating the presence of slowly digestible starch.

Keywords: rice-based orzo pasta, rice protein, low acyl gellan gum, in vitro

digestion model
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7.1 Introduction

Worldwide rice consumption is 530.54 kcal/per capita/day (FAOSTAT, 2020), nearly
one-quarter of the recommended daily calorie intake (2000 kcal/day) for adult
individuals (WHO, 2019). In Asia, rice is so important in diets that cooking
procedures (soaking, rice-water-ratio setting, and timing) and equipment (such as
rice cookers and pressure cookers) improves precision to achieve the finest texture
and taste possible (Zhu et al., 2020; Tamura et al., 2021). Its gluten-free, low-fat, and
versatile nature has also made rice a much more prevalent food in Western diets as

a wheat alternative.

Two concerns about rice's nutritional value in gluten-free food products have been
raised. Intrinsically, rice is low in protein but high in rapidly digestible starch content,
producing a high in vivo glycaemic response, which could pose a significant health
risk to diabetics (Bhavadharini et al., 2020; Hu et al., 2012; Khosravi-Boroujeni et al.,
2013; Truong et al., 2014). Extrinsically, the cooking method adopted in Western
countries is characterised by boiling the rice in excess water (similar to pasta
cooking), whereas the Asian style involves a rice cooker that cooks rice in a closed
chamber with limited water and no stirring required. To our knowledge, only a few
studies have investigated the impact of the two above cooking methods on starch
digestibility in rice grains. Tamura et al. (2017) observed faster starch hydrolysis in
rice grains when cooked in limited water rather than excess water. This partially
agrees with Yi et al. (2022), who reported the correlation between starch
digestibility in rice flour and the starch molecular structure in several rice varieties.
However, this disappeared at high water-to-rice ratios (over 4:1). Conversely, Wang
et al. (2017) found that the rate of starch hydrolysis in cooked rice flour was not
affected by pressure, soaking, or water-to-rice ratio but rather varied by rice
varieties. These different results may be attributed to the native structure of rice
flour, which undergo varying degrees of changes when exposed to water at specific
amounts while heating. The impact of the cooking method is more complex at the
grain-scale level, including molecular compositions (amylose and amylopectin ratio

and size), supramolecular organisation (crystalline-amorphous structure types),
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starch granule morphology (size and shape), surface features (pores and channels),
as well as their packing pattern in cells with assistance from other non-starch
compositions such as proteins, lipids, and fibres in cells (Michelle et al., 2019). The
structural integrity of rice under excess water cooking conditions is also associated
with problematic issues such as kernel disintegration, high cooking loss, and
excessive moisture content, which is not generally accepted by consumers (Yu et al.,

2017).

Orzo, a rice-shaped pasta, may provide a solution against high starch digestibility
and structural disintegration. Besides playing a key role in the Mediterranean diet,
pasta has been described as a healthy, sustainable, and quality food model by the
WHO and the FAO (Food and Agriculture Organisation) of the United Nations. The
pasta market has recently expanded worldwide due to an increase in available
choices (pulse or vegetable-enriched, or gluten-free - GF) and improvements from a
sensory and nutritional perspective, including postprandial glycaemic control
(Zavitsanou et al., 2019). Rice is currently one of the most common cereal sources
for commercial GF pasta; however, rice-based pasta has been associated with a poor
nutritional profile as it is low in protein concentration, dietary fibres, and
micronutrients and high in rapidly digestible starch (Morreale et al., 2019; Suo et al.,
2022). Therefore, food-derived complexing agents, particularly protein, fibre, and
hydrocolloids, are commonly added to reduce starch digestion and improve rice
pasta cooking and nutritional quality. Strategies and opportunities for producing
functional pasta have been widely reviewed in the last ten years. What these studies
have in common is the awareness that pasta can be considered an important and
interesting carrier for functional nutrients, such as protein and dietary fibres.
Typically, wheat pasta has a low-glycaemic index ( 47-50 < 50) due to the presence
of gluten, a protein network of glutenin and gliadin that entraps starch, forming
protein-starch matrices, from which starch release is controlled (Zou et al., 2015b;
Atkinson et al., 2021a). The compact gluten structure also reduces enzyme
accessibility and restricts the amount of starch gelatinisation and swelling, resulting

in higher crystalline starch content upon cooking, further reducing enzyme
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accessibility. For this study, rice protein (RP) was selected because it has a higher
biological value and protein efficiency ratio compared to that of the other
commercially available cereal proteins, such as corn and wheat proteins (Wang et
al., 1999). Rice is regarded as one of the best gluten-free plant proteins due to its
hypoallergenic and multiple health benefits (Amagliani et al., 2017b). More
importantly, RP and its hydrolysate have been shown to reduce rice starch

digestibility (Chi, Li, Zhang, et al., 2018b; Khatun, Waters and Liu, 2020).

Despite improved protein content, GF pasta enriched with proteins still faces
challenges in achieving comparable viscoelasticity and extensibility (beneficial for
texture and sensory properties and to slow down starch digestibility) as gluten-
containing pasta (Alvarez-Jubete et al., 2010; Hospital, 2017; Phongthai et al.,
2017a; Rudra et al., 2020). As a result, several studies have added hydrocolloids,
such as guar gum (He et al., 2020b) or xanthan gum (Cai et al., 2016a), to improve
the GF pasta cooking quality and texture and reduce starch digestibility. Cooking
quality parameters are moisture content, cooking loss (amount of matter lost from
the orzo during cooking) and rehydration (evaluation of the water absorption and
holding capacity during cooking); they are important as related to the structural

integrity of the pasta, which in turn determines the starch digestibility.

A further way to reduce the structural weakness (e.g., cracks or breakage) of GF
pasta is by producing small-sized pasta shapes, such as orzo. Moreover, due to its
similar grain shape, orzo could be an ideal low-Gl rice substitute. Low acyl gellan
gum (LAGG) is a food-grade hydrocolloid and non-digestible carbohydrate, which
could be potentially used to produce GF and low-Gl pasta. It is a linear, anionic
exopolysaccharide with a molecular weight of 500 kDa. It has a tetrasaccharide
repeating sequence consisting of 1,3-d-glucose, 1,4-d-glucuronic acid, 1,4-d-
glucose, and 1,4-n-lI-rhamnose. LAGG is obtained by deacylating native gellan gum
under alkali conditions (Morris et al .,2012). When dissolved in water, a reversible
conformational transition occurs from a mixed single coil/double-stranded helix at
low temperature (forming a weak gel) to a disordered single-stranded coil at a

temperature above 70°C (Milas & Rinaudo, 1996). This transition could, therefore,
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be observed during the cooking and cooling process of formulations incorporated
with LAGG. As a result, LAGG could be employed as a gel coating layer either by self-
structuring upon cooling or by forming a matrix by entwining with other
components. Both gel models can be strengthened by interacting with divalent ions
such as Ca?* and Mg?* through ionic bonding or by exposure to an acidic
environment (pH 3), similar to digestion in the gastric phase (Bradbeer et al., 2015;
Santos and Cunha, 2018). Therefore, LAGG has the potential to mediate starch

digestion by maintaining matric integrity and reducing enzyme accessibility.

Considering what is described above, it could be hypothesised that adding RP and/or
LAGG to rice flour (RF) could reduce the in vitro starch digestibility in rice-based orzo

pasta.

This study aimed to determine the starch digestibility in a rice-based orzo pasta
containing RP and LAGG by investigating their role in orzo cooking quality, structure,
and texture. The in vitro starch digestibility of orzo was evaluated using static and
semi-dynamic digestion systems. The cooking quality was evaluated by measuring
the pasting properties using a rapid visco analyser (RVA), cooking loss and
rehydration using standardised methods published by the American Association of
Clinical Chemistry (AACC). The orzo microstructure was studied using X-ray
diffractometry (XRD), Fourier Transform Infrared Spectroscopy (FTIR), and
Environmental Scanning Electron Microscopy (ESEM), and the resulting texture

properties were determined by Texture Profile Analysis (TPA).

7.2 Materials and Methods

7.2.1 Materials

Thai white jasmine rice (Green dragon Thai Hom Mali Aaa), used to prepare gluten-
free orzo (GFO) pasta, and commercial orzo pasta (reference material), were
purchased from a local supermarket (Nottingham, UK). The macronutrient
information of the Thai jasmine rice (protein 7.2 g, fat 0.9 g, and carbohydrate 79.8g
/100g) and orzo reference (converted from 75g of cooked pasta, protein 11.7 g, fat

2 g, and carbohydrate 74.9g /100g) was initially acquired from the food label. The
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LAGG was kindly provided by Kelco, UK. Rice protein (RP) concentrates were
purchased from Myprotein (THG plc., Manchester, UK), with a protein content of
81.41 + 2.37 % (based on dry mass).

7.2.2 Preparation of rice flour (RF)

Rice grains were washed to remove impurities and left at room temperature for 24
hours to allow the remaining water to evaporate. The cleaned grains were then
milled into flour using an electrical grinder (KG49, Delonghi, Treviso, Italy) and sifted
through a 0.5 mm sieve; the particles over 0.5 mm were discarded. The resulting RF

was measured for protein (6.66 + 0.58 g/100g) and starch content (83.63 *+ 1.68
8/100g).

7.2.3 Preparation of orzo pasta using a Rice-based formula

The preparation of cooked orzo pasta requires four steps: dough production, pasta
formation, drying, and cooking in distilled water. Tab. 7.1 reports the four different
formulations used to produce orzo and coded with code 1, 2, 3, and 4. For the
second cooking media, 0.1 % LAGG dispersion in distilled water (w/w) was used,
with codes 5. RF_1LA 2 and 6. RFRP_1LA_2. Regardless of whether LAGG was added
to the flour or the cooking water, its mass remains 1 % of the total dry mass. The
ratio of the orzo-to-cooking medium was always 1:10 (w/w); therefore, the ratio of

LAGG-to-water was always 0.1 % (w/w).

In formulation 3. RFRP, part of the RF, was substituted by an amount of rice protein
concentrate to equal the protein content of the commercial orzo. The amount of
protein reduced by removing part of the flour was compensated for by adding

protein concentrate, as confirmed in Section 7.3.1.
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Tab. 7.1. Formulation design of the experiment.

Dry material mass

Sample code ratio RPg RF % LA % Water %
(RF:RP: LAGG)

1. RF (control)  100:0:0 - 63.0 - 37.0

2.RF_1LA_1 100:0:1 (dispersion) -- 62.5 0.6 36.9

3. RFRP 91:9:0 5.7 57.3 - 37.0

4, . .

RFRP_1LA 1 91:9:1 (dispersion) 5.6 56.9 0.6 36.9

5 RE 1LA 2 Cooking 1. RFin 0.1 % LAGG (w/w) dispersion. Ratio RF-to-water
- - 1:10 (w/w)

6 Cooking 4. RFRP in 0.1 % LAGG (w/w) dispersion. Ratio RF-to-

RFRP_1LA 2 water 1:10 (w/w)

RF: rice flour; RP: rice protein; 1LA: 1% (w/w flour based) of low acyl gellan gum
(LAGG). RF_1LA_1 and RFRP_1LA_ 1 means LAGG addition via dough-making and
cooked in water; RF_1LA 2 and RFRP_1LA 2 means RF and RFRP sample cooked in the
LAGG-water dispersion.

Fig. 7.1 outlines the orzo formation process; the cooking step (Section 7.2.5) is also
shown. For dough preparation, 200 g of formulations that are reported in Tab. 7.1
were mixed with 118g of heated (80°C) water or 1 % LAGG-water dispersion (w/w
to total flour). The mixtures were kneaded with a stand mixer (KMX754ABK,
Kenwood, Leicestershire, UK) for 10 mins to form a dough. The dough was then
shaped into sheets of 2.0 + 0.1 mm thickness with a pasta-making machine
(Sailnovo, Dover, UK). The sheets were cut into a tagliatelle shape, then cut into
orzo-shaped pieces with a length of 10.0 £+ 0.1 mm and width 3.0 £ 0.1 mm.
Subsequently, the fresh orzo (water content 37 %) was dried in an oven at 45°C for
4 h to reach 8 %, corresponding to the commercial products’ water content. In this
way, the final weight after cooking should reflect the differences in the water-

holding capacity of the different orzo formulations.
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Fig. 7.1. Schematic of the orzo formation and cooking process
7.2.4 Pasting properties of orzo pasta

The pasting properties were examined using a RVA (RVA 4800, Perten Instruments,
Sweden) under the method 61-02 approved by the American Association of Cereal
Chemists (AACC, 2000). Powdered Orzo raw samples (particle size < 0.5 mm, 3.0 g,
8 % water content) from formulation 1 to 4 were mixed with distilled water (25 g)
to prepare a dispersion with 9.55 % (w/w) total solids. Using the same method, orzo
formulations 1 and 4 dissolved in a 0.1 % (w/w) LAGG dispersion instead of distilled
water. To facilitate sample dispersion, the mixtures were stirred manually with a
plastic spatula before loading into the RVA instrument. The system was further set
to stir the sample at 960 rpm for 10 s and 160 rpm for the remainder of the test. The
temperature profile consisted of equilibrating the samples at 50°C for 1 min 30 s,
heating to 95°C at 12°C/ min (3 min 45 s), holding at 95°C for 2 min 30 s, cooling to
50°C at 12°C /min (3 min 45 s), and finally holding at 50°C for 1 min. All
measurements were performed in triplicate. The pasting properties: peak
temperature, peak viscosity (PV), breakdown viscosity (BD), final viscosity (FV) and
setback viscosity (SB) were calculated from the pasting curve using the Thermocline

software (version 3 Newport Scientific, Warriewood, Australia).
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7.2.5 Orzo pasta cooking method and evaluation of cooking quality

The orzo pasta was cooked following the AACC-approved 66.50 guideline (AACC,
2000). An orzo from each formulation was cooked in boiling distilled water (1:10
w/v). Orzo formulations 1 (RF) and 3 (RFRP) were also cooked in 0.1 % (w/w) LAGG
dispersions. In both cases, cooking practices were conducted in triplicates. For all
samples, the optimal cooking time (OCT) was determined by the disappearance of
the white core inside the orzo. To do so, individual orzo pieces were collected from
cooking water at 30 s intervals, starting from cooking min 7, and squeezed between
two microscope slides to visually determine the presence of the white core; the
process continued until the disappearance of the white core, and the corresponding

sampling time was defined as OCT.

The OCT-cooked pasta was drained, rinsed with 100 mL of distilled water at room
temperature for 10 s, blotted with paper to remove surface water, and finally
weighed. A portion of cooked orzo was immediately used to determine moisture
content (measured using the standard AOAC method 934.01). The moisture content
was calculated as the difference between the sample weight before and after drying
(AOAC, 2005a). The cooking loss (CL) and rehydration (RH) using Eq.7.1 and Eq.7.2
as described by Garcia-Valle et al. (2021).

Weight of dry matter left in cooking water (g)

CL (%) =

0,
Weight of dry orzo (g) x 100 % (Eq.7.1)

Weight of cooked orzo (g) —Weight of uncooked orzo(g)

RH (%) = x 100% (Eq.7.2)

Weight of uncooked orzo (g)
7.2.6 Proximate analysis of cooked orzo pasta

A portion of cooked orzo was then lyophilised, ground, and sifted into flour (particles
< 500 um) for chemical composition analysis. The crude protein content of cooked
orzo was calculated from the nitrogen content according to AOAC 930.29, using a
nitrogen-to-protein conversion factor of 5.95 (AOAC, 2005b). The total starch
contents and the apparent amylase content in the ground samples were measured
according to the official AOAC (2007) method 996.11 using a total starch assay kit

(K-TSTA, Megazyme, Wicklow, Ireland). All analyses were performed in triplicate.
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7.2.7 Structural properties of cooked orzo pasta
7.2.7.1 Infra-red (IR) characterisation

IR spectra patterns of cooked samples were analysed using a Bruker Tensor 27 FTIR
spectrometer equipped with an attenuated total reflectance accessory (Graseby-
Space Ltd, Orpington, UK), following the method reported by Garcia-Valle et al.
(2021). The FTIR spectra were recorded in the wavenumber range of 4000 to 400
cm 128 full spectrum scans were performed, each scan at 4 cm™ spectral resolution
against an empty (air) background reading at room temperature. Four spectra were
recorded for each sample. The collected sample spectra were analysed after
considering the background and normalizing frequency and scale with the OMNIC
software (version 6.2; Thermos Electron Corporation) for the peak deconvolution
process. The B-sheet (1615-1637 cm™ and 1682-1700 cm™), random coil (1637-1645
cm), a-helix (1646-1664 cm™) and B-turn (1665-1681 cm™) were estimated from
the amide | region (1700 to 1600 cm™) according to previous studies (Ellepola et al.,
2005; Ying et al.,, 2017; Fetouhi et al.,, 2019). The area corresponding to each
secondary structure was calculated accordingly and expressed as a percentage of
the sum of areas. Molecular organisations of starch were determined from the
fingerprint region (wavenumber 1070 to 950 cm “1); the absorbance intensity ratio
of 1047/1022 (R1047/1022) and 995/1022 (R995/1022) was calculated to evaluate
the short-range order of starch (Zhu et al., 2020). The water-bound state was
assessed from the OH-vibration bonding regions between 3600 and 3100 cm.1

(Garcia-Valle et al., 2021).
7.2.7.2 XRD

The XRD patterns of rice samples were analysed using an Advance Bruker AXS
powder-diffractometer (D8, Bruker AXS, Congleton, UK) with a Cu-Ka source
(A=0.154 nm) running at 40 kV and 25 mA, following the setting described by Choi
et al. (2022). A scanning cycle was conducted from 4° to 45° (28) with a step size of
0.02° at a speed of 2°/min. The relative crystallinity was quantified as the ratio of
the crystalline area peak to the total diffraction peak analysed using the DIFFRAC

plus EVA® software equipped with the XRD instrument.
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7.2.7.3 Morphological properties of cooked orzo
7.2.7.3.1 Light microscopy

The morphological properties of the protein-starch matrices within cooked orzo
were observed using an Eclipse Ci microscope (Nikon Instruments Inc., Surrey, UK)
equipped with a Nikon digital Sight DS-Fi2 camera. Sample slides were prepared
using a method adapted from Tamura et al. (2016). The cooked orzo samples were
exposed to optimum cryo-microtomy embedding medium and cut into 60 um thick-
sections with a microtome (Leica CM 3050s, Leica Microsystems, Milton Keynes,
UK). Cross-sections were mounted on gelatine-coated microscope slides, stained
with 0.1 % fast green FCF acetic acid (1 %) solution for protein detection, washed
with distilled water, and stained with Lugol's solution (62650, Sigma-Aldrich. 1:10
dilution) for starch detection. Due to electrostatic bonding between the amino acid
side chains and the fast green molecules, protein bodies appeared with a green
colour (Steglich et al., 2014). In comparison, starch appeared blue/purple due to the
formation of an amylose/amylopectin-iodine complex. LAGG was covalently labelled
with 5-(4,6-dichlorotriazinyl) amino fluorescein (DTAF) following the procedure
described by Khin et al. (2021). The DTAF-LAGG was then applied as a native LAGG
addition (via dough-making or cooking) to prepare cooked orzo. The actual phase
distribution of LAGG in orzo matrices was visualized using an EVOS™ FL microscope.

DTAF excitation and emission wavelengths are 488 nm and 517 nm, respectively.
7.2.7.3.2 ESEM

The surface and internal morphology of cooked orzo were measured with an ESEM
(FEI Quanta 650 with X-Max-150 EDX Detector) equipped with a gaseous secondary
electron detector using the method described by Dang & Copeland (2004). Working
conditions were 10 kV accelerating voltage, 1 torr chamber pressure, and the initial
working distance was 10 mm. Before imaging, the sample was fixed on conductive

adhesive tape and was observed at a magnification of 1000x.
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7.2.8 Texture properties of cooked orzo

The textural profiles of the cooked orzo were evaluated using a texture analyser (TA-
XT2, Stable. Microsystem, Surrey, England) according to the method described by
Boluda-Aguilar et al. (2013). Cooked orzo (2 g) was evenly arranged on the plate
groove in a single layer. The orzo grains were compressed to 75% of their original
thickness by two compression cycles conducted using a stainless-steel cylindrical
probe with a diameter of 35 mm and a testing speed of 1 mm/s. From the TPA force-
time curves, hardness, adhesiveness, cohesiveness, and chewiness were
determined. Ten technical replicates (compression tests from the same batch of
cooked orzo grains) per sample were performed, and the corresponding results

were expressed as an average value.
7.2.9 Oral processing simulation and granulometry distribution analysis

Fine oral processing of cooked orzo was simulated based on established methods
reported by Suo et al. (2021). Specifically, 25 g of cooked orzo was homogenised for
20 s using a household blender (HB605, Kenwood, Havant, UK). The subsequent in
vitro digestion step followed the method described by Fernandes et al. (2020). After
homogenisation, a 10 g aliquot of each sample was transferred into 50 mL conical
tubes. To initiate oral digestion, 10 mL of simulated salivary fluid (SSF) containing
salivary a-amylase (75 U/mL activity) was added to each sample. The mixture was
incubated for 2 mins at 37°C with constant rotation at 50 rpm using a tube revolver
(Thermo Scientific TM). After the incubation, 10 mL of 0.3 M Na2CO3 solution was
added to halt the amylase activity. The granulometry distribution of the cooked orzo
post in vitro oral processing was analysed using the method described by Ranawana
et al. (2010). Digested samples were held in an incubation chamber at 37°C for 10
mins to allow sedimentation of residues. The samples were then filtered through a
Buchner funnel. The separated solid particles were carefully removed from the filter
paper and oven-dried at 70°C for 12 hours until the weight stabilised. The liquid

filtrate was collected for starch digestion analysis.

Once dried and cooled to room temperature, the residue was weighed and

fractionated using a Retsch AS 200 control sieve shakers (Verder Scientific,
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Derbyshire, UK) with a vibration height of 0.5 mm for 1 min. Four test sieves
(DEBUYER, France) were used, stacked in descending order of mesh size: 2.0 mm,
1.0 mm, 0.5 mm, and 0.25 mm, with a base pan underneath. The fractions from each
sieve were carefully collected and weighed. The granulometry distribution was

calculated using Eq. 7.3.

Mn
2 Mn

LR (%)=X

x100 % (Eq. 7.3)

Where,

M, is the mass (g) of the fraction retained on each sieve (M1, M2, M3, M4) and

pan (Mp);
M is the total mass (g) of grain fractions: M1+ My +...+ My;
JRnis the cumulative per cent (%) of mass retained.
The weight loss caused by the particles entrapped within the meshes was negligible.

7.2.10 In vitro digestion and quantitative evaluation of protein and starch

digestion

Two in vitro models, static and semi-dynamic, were used to study the digestion of

homogenised samples.
7.2.10.1 Static digestion model

Orzo was subjected to static in vitro digestion with a method adapted from the
INFOGEST protocol (Fernandes et al., 2020). A 5.0 g aliquot of homogenised sample
underwent continuous oral, gastric, and intestinal digestion for 2 mins, 30 mins, and
180 mins, respectively. A 30-min incubation time, rather than the 120-min of the
INFOGEST protocol, was used for the gastric phase, as previous works investigating
starch digestion in grain material (Tamura et al., 2016; Wang et al., 2017) identified
this as a more suitable time. The gastric 30-min incubation time corresponds to the
interval between the first feed and the first blood sampling in vivo for the Gl test

(Ranawana et al., 2011).
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Simulated intestinal fluid (SIF) was added to the chyme to the ratio of chyme-to-SIF
1:1 (v/v). The INFOGEST method suggests using trypsin (100 U/mL) or pancreatic a-
amylase (200 U/mL) for starch-rich samples (starch isolates) to indicate the enzyme
activity of pancreatin. In this study, pancreatin prepared in SIF was added to achieve
a pancreatic a-amylase activity of 20 U/mL in the digestion mixture containing 40
mg/mL of starch, a comparable value to that in Edwards et al. (2019) (16 U/mL

pancreatic a-amylase for 40 mg/mL of starch in the digestion mixture).
7.2.10.2 Semi-dynamic digestion model

For the semi-dynamic model, further details about the model and protocol are
described in Section 3.8.5, Chapter 3. Compared to the static, the semi-dynamic
digestion model provides a more comprehensive representation of humans. The in
vivo digestion model includes 1) food-induced pH change in the gastric phase, 2) use
of a peristaltic pump to mimic the physical breakdown in the digestive tract, and 3)

viscosity changes monitored with a rheometer during digestion.
7.2.11 Quantification of digested protein and starch

From each sample, 2 x 5g aliquots were used to run two static in vitro digestion
cycles (technical reps), whereas 2 x 100 g aliquots were used to run two semi-
dynamic in vitro digestion cycles (technical reps). Two sets of hydrolysed starch for
each aliquot were quantitatively evaluated in duplicate after collection at different
time points. The concentration of maltose produced from starch amylolysis in
aliqguots recovered in various time intervals was determined using the p-

hydroxybenzoic acid hydrazide (PAHBAH) assay described by Edwards et al.(2018).

According to Edwards et al. (2014), digestibility curves were analysed by applying
the Logarithm of Slope (LoS) method and fitting the piecewise pesto-first-order
enzyme kinetic model described in Eq. 7.4. to identify and quantify starch fractions

with different nutritional values.

Cy = Co + (Coop) X (1 — e7k1xt)
HIf(t > ting (Corz) X (1 — e7K2X(t=tind) 0) (Eq.7.4)

Where:
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tint is defined as the time intersection of two distinct linear LoS plots.

Cint is the product concentration at tint and is calculated by letting t = tint using
substituted values for Ci- and ki. Thus, it was added to the second term to

describe the final product formation.

The hydrolysis index (HI) is the area under the digestibility curve up to 90 mins
(AUC90) of the test sample expressed relative to a reference food (AUC90reference),
as shown in Eq. 7.5. In this case, white bread following the same in vitro digestion

protocols were used as the reference food.

_ AUC90mple

1)
= Ticeo 2 x 100 % (Eq. 7.5)

The predicted glycaemic index (pGl) can, therefore, be determined from the HI

using Eq. 7.6.
pGI = 39.71 + 0.549HI (Eq. 7.6)
7.2.12 Statistical analysis

All results were calculated as means + standard deviations of three replicates.
Subsequently, Tukey’s honestly significant difference test in conjunction with
analysis of variance (ANOVA) was used to determine significant differences among
the means, at an a priori significance level of p < 0.05, using the SPSS software
(version 28, IBM, Armonk, NY, USA). In the granulometric measurement for cooked
grain after homogenisation, the cumulative Gaussian statistic model was used to
calculate the particle size distribution after passing the Shapiro-Wilk normality test

using Prism (version 9, San Diego, CA) based on the reported method.
7.3 Results

7.3.1 Proximate composition and cooking quality of orzo pasta

The chemical composition of cooked GFO made from the six formulations described
in Section 7.2.3 is presented in Tab. 7.2. Significant differences in protein and total
starch with and without the addition of RP were observed. The protein in the RFRP

samples was comparable with that of commercial wheat orzo. Meanwhile, no
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significant difference was seen in the RFRP sample with and without the addition of
LAGG. The cooking properties were also evaluated (Tab. 7.2). OCT ranged from 6.5
to 7.2 mins, and no significant differences were detected between the orzo samples.
The results agree with those reported for GF faba bean pasta and GF pasta enriched
with rice bran protein. However, they are slightly higher than those reported for GF
pasta enriched with animal protein (e.g., egg alboumen, whey protein concentrate)

(Rosa-Sibakov et al., 2016; Phongthai et al., 2017).

Furthermore, GFO had a shorter OCT than the commercial wheat orzo. Similar
findings were reported previously (Phongthai et al., 2017), demonstrating that GF
pasta requires less cooking time than commercial durum wheat pasta. This could be
attributed to the absence of a compact structure provided by the gluten network,

which allows water to enter the orzo more readily.

The RF control showed a CL of 10.97 %, which was considered low quality (Ozyurt et
al., 2015). All samples incorporated with RP and LAGG displayed lower CL, ranging
between 6.90 and 8.53, indicating a higher capability of the orzo to resist structural
disintegration. The rehydration values for RP-enriched orzo were significantly lower
than those of the RF control but were comparable to those of the orzo reference.
Similarly, Sofi et al. (2020) reported a decrease in rehydration after additional
chickpea protein isolate was added to rice noodles, as did Detchewa et al. (2022)
after adding RP to rice spaghetti. Low CL and rehydration could be due to the protein
network entrapping the starch granules, limiting water intake, and swelling.
Moreover, RP could affect the rehydration through its different water-holding
capacity than starch. When pasta is made and cooked, RP undergoes a partial
structural change from an ordered to a disordered/less flexible structure, resulting
in more hydrophobic residues on the pasta surface and a low water-binding capacity

(Jayaprakash et al., 2022).

As a result of adding LAGG during the pasta-making process, significantly higher
rehydration values were observed in both RF_1LA_1 and RFRP_1LA 1. However, no
observed changes were found when LAGG was added during cooking. A possible

explanation is that LAGG chains undergo reversible random coil-helix transitions (via
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intramolecular hydrogen bonds) during dough preparation. The helices assemble
into clusters trapped within the protein-starch matrices via hydrophobic
interactions that might occur between the methyl groups and Van der Waals
interactions between the hemiacetal oxygen atoms on different molecules. The
hydrophilic portion of the gel remains bound with water molecules throughout the
cooking process, thus maintaining its hygroscopic properties (Bacelar et al., 2016;

Tako et al., 2016).

In summary, RP and/or LAGG addition help to reduce CL and increase rehydration in
GFO. The effect of LAGG on modifying the CL and rehydration was different when
added to the dough or in the cooking water. As reported by Kraithong & Rawdkuen
(2020) and Sofi et al. (2020), low CL and high rehydration have been positively
correlated with increased firmness, sensory acceptability, and reduced pGl in rice
noodles either prepared with hydrocolloids (such as guar gum and xanthan gum) or

enriched with chickpea protein isolate.
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Tab. 7.2. Proximate composition (g/100 g total weight) and cooking quality of GFO made with studied formulas.Here, commercial orzo is evaluated

as a reference for protein content in the GFO formulation.

Sample code Protein Total starch In which Moisture OCT (min) CL (%) Rehydration
amylose content

RF 6.31+0.24° 32.15+1.29° 4.58 +0.15° 59.03+1.76° 6.5+0.5°? 10.97+1.32° 141.74+7.45°2
RF_1LA 1 6.26+0.36° 30.72+£1.95° 4.22+0.22° 61.48 £0.56° 7.0+£05° 8.53+0.14 % 240.03 +6.28°
RF_1LA_2 6.30+0.34° 30.44£0.96° 418+0.11° 62.27 £0.56° 6.6+0.5°? 7.49+0.18° 144,10+ 12.52°2
RFRP 13.54 +0.57° 22.63+0.57° 3.23+£0.17°¢ 59.83 £3.83° 6.8+0.5°? 7.65+0.40° 102.35+3.29°¢
RFRP_1LA 1 13.15+0.34° 22.20+2.64° 3.05+£0.30° 62.03 £1.54° 7.0+£05° 7.10+0.20° 174.05 + 8.49 ¢
RFRP_1LA 2 13.19+0.59° 22.00+0.88° 3.02+0.10°¢ 60.63 +2.66° 7.2+0.5°2 6.90+0.80° 134.89+1.67°
Orzo 13.48+0.34° 21.57+£1.95°¢ 5.83+0.43° 58.14 £ 1.07° 88+0.5° 7.70+1.31° 119.06+7.47 ¢

(commercial)

Results are mean + S.D. of three replicates. In each column, values with different letters indicate a significant difference (p < 0.05). RF - rice flour (control);
RF_1LA_1 - RF with 1% LAGG in dough; RF_1LA_2 - RF with 1% LAGG in cooking water; RFRP — RF + rice protein (RP); RFRP_1LA_1 - RF + RP with 1% LAGG in

dough; RFRP_1LA_2 - RF + RP with 1% LAGG in cooking water. For more details, see Section 7.2.3.



7.3.2 Pasting properties of rice-based formulations

The pasting curves for orzo made from four formulations and two LAGG addition
methods were determined by RVA, as shown in Fig. 7.2. The pasting profiles are
presented in Tab. 7.3. The RF control reached PV at 72.2°C in 6 mins, consistently
with previous studies on RF (Zhu et al., 2018). Starch granules are suggested to reach
their rupture point when a sufficiently large amount of swelling occurs along with
destabilisation of the crystal structure and resulting breakage into smaller fractions.
Under constant shearing at 95°C, further disruption of the granules occurred, which
decreased the paste viscosity (i.e., BD). Amylose molecules leached into the
solution, possibly aligning with each other. Upon cooling, retrogradation occurred
as amylose molecules were reassociated, increasing the apparent viscosity (i.e., SB)

(Balet et al., 2019).
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Fig. 7.2 Pasting profile (cP) of rice-based formulations incorporated with RP and
LAGG as a function of time (s). Commercial orzo is also presented as a reference.
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Tab. 7.3. Pasting properties of rice-based formulations incorporated with RP and LAGG through dough preparation (RF_1LA_1 and RFRP_1LA_1)
and cooking (RF_1LA_2 and RFRP_1LA_2). The commercial orzo was also presented as a reference.

Sample code PV (cP) BD (cP) FV (cP) SB (cP) Time (min) Pr (°C)

RF 3094.7 + 108.4° 283.3+24.3° 4420.3 +98.1% 1325.7+10.5°¢ 6.2+0.2% 75.2+1.0¢
RF_1LA 1 3918.3+177.4° 918.0 + 50.8° 4575.3 +235.9° 657.0 + 116.7 ¢ 6.8+0.1° 82.0+3.5¢
RF_1LA_2 3321.3 +280.9" 275.7 +50.0° 4672.3+96.1° 1350.7 +108.4°¢ 6.6 +0.1% 79.4+6.3°¢
RFRP 2308.3+£172.9¢ 159.7 + 27.4¢ 3925.7 +111.4° 1617.3 +64.7° 6.6+0.2% 91.1 £3.4%
RFRP_1LA 1 2048. + 60.5°¢ 14.0 +4.0¢ 4018.5 +63.5° 1970.0 +53.5° 6.8+0.1° 94.6+0.1°
RFRP_1LA 2 1604.0 + 36.0¢ 20.0+5.5¢ 3192.0+15.8°¢ 1588.0 £ 51.0° 6.9+0.3° 94.7 £0.3°
Orzo (commercial) 895.7 £28.7°¢ 111.3+14.4°¢ 1578.3 +57.6¢ 682.7 £ 32.4¢ 5.9+0.2° 93.1+1.1°

Results are mean * SD of three replicates. In each column, values with different letters are significantly different from each other (p < 0.05). The pasting
properties includes peak viscosity (PV), breakdown viscosity (BD), final viscosity (FV), setback viscosity (SB) and peak temperature (Pr).
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As a result of adding LAGG, a delayed onset of gelatinisation was observed in
RF_1LA 1 and RF_1LA_2, possibly because LAGG slows down water mobility and
delays gelatinisation. A significantly higher PV BD but lower SB was observed in
RF_1LA_1 compared with RF. As a result of phase separations and intermolecular
interactions, rice starch, LAGG, and water were predicted to exhibit synergistic
effects. Song et al. (2006) investigated the pasting properties of non-waxy rice starch
and LAGG mixtures. It has been found that when the mixture was heated, the inner
LAGG was also excluded from the system in addition to the starch granules gradually
swelling. Due to the increased LAGG concentrations in the continuous phase, the
hot paste became thicker and more viscous. Similar increases in PV and BD were
reported by Cai et al. (2016) for glutinous RF hydrothermally treated (510 rpm, 90°C,
30 mins) along with 1 % xanthan gum. The interaction between xanthan gum and
gelatinised starch granules could have resulted in the formation of a viscous gel
mixture during the hydrothermal treatment, which could also occur during the
pasta-making process, as investigated by Hu et al. (2019). The resulting mixture may
display enhanced resistance to degradation, requiring longer heating and
continuous shearing forces. A second contributing factor to the PV and FV increases
observed in RF_1LA 1 compared to RF control (no LAGG) was LAGG interaction with
solubilised/leached starch (primarily amylose) molecules. As demonstrated in waxy
corn starch-LAGG mixtures, the gel networks surround swollen and disrupted starch
granules, enhancing the viscosity (Rodriguez-Hernandez et al., 2006). This can also

explain the higher FV observed for RF_1LA_2 compared to the RF control.

RFRP achieved a lower PV at a higher PT than the RF control, which could be related
to a lower swelling of starch granules and/or the reduced starch content.
Comparable results have been reported for rice starch-modified RP blends (Wu et
al.,, 2022) and protein-enriched RF (Wang et al., 2020). Apart from the starch
substituted by RP, the protein network formed during processing could be a physical
barrier to prevent starch from swelling. Under hydrothermal and homogenisation

conditions, like dough-making and sheeting in this study, the water-holding capacity
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could be enhanced, limiting the amount of water available for starch gelatinisation

and reducing its swelling (Likitwattanasade & Hongsprabhas, 2010).

When RF was incorporated with RP and LAGG (RFRP-1LA-1), the pasting profile did
not significantly differ from that of RPRF. When cooking with LAGG, however,
RRFRP_1LA_2 exhibited a more flattened viscosity curve, as indicated by the lowest
PV and FV. This could be attributed to the synergistic effect between the RP
(internal) and LAGG (external) networks, which further impeded starch granule

access to water (Guo et al., 2014; Almeida & Sato, 2019).

In the cooling process, the realignment of particles within the hot paste may cause
an increase in viscosity, referred to as a "setback" viscosity (SB), which is calculated
as the difference between PV and FV. A higher SB indicates that the disaggregated
amylose and amylopectin molecules are more likely to re-crystallise (starch
retrogradation) or associate with non-starch components, which has the potential
to produce starch with reduced in vitro digestibility by increasing type-3 and/or
type-5 resistant starch (Dupuis et al., 2014; Balet et al., 2019). The decrease in BD
value observed in RF_1LA 1 suggested that LAGG could delay short-term
retrogradation by adding it to the dough-making process. With RP-enrichment, a
higher SB was observed than in RF control. Similarly, higher SB in a mixture of RP
and rice starch (1:9 ratio) has been previously reported by Wu et al. (2022), which
indicated that protein-starch interactions and network formation were more
resistant to shear force upon cooling. It was possible that under constant shearing
force, unfolded protein chains derived from denatured RP and leached amylose may
result in a stronger and more ordered structure. The stronger gel mixture was also
observed with further combination with LAGG (RFRP_1LA_1). No noticeable change

was observed when adding LAGG during cooking.

Despite having comparable protein and starch contents, wheat orzo had a viscosity
nearly 2.5 times lower than rice-based orzo, except for the BD, which was 1.4 times
lower. This could be expected because of the differences in the protein structure,

starch structure formations, and the resulting protein-starch matrices.
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7.3.3 IR characterisation of structural differences in cooked orzo

As white rice is naturally low in lipid and fibre, a determinant of the quality of rice-
based GFO is in the microstructure and interaction of proteins, starch, and moisture.
The spatial distribution of these major components can be studied using FTIR

microscopy. Fig 7.3 shows the FTIR spectra of cooked GFO formulations produced in

this study.
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Fig. 7.3 The characteristic FTIR spectra patterns of cooked GFO made with rice-
based formula incorporated with RP and LAGG (D). Example of numerical
deconvolution of amide | (A) and variation of the ratios (a), starch fingerprint region (B) and
variation of the ratios on R995/1022 and R1047/1022 (b), OH-stretching region (C) and
variation of the ratios (c). Small letters marked on the columns in the same group (within
the same horizontal axis symbols) indicated statistically significant differences (p < 0.05).
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The characteristic spectrum regions for protein, starch and including amide | (1600
to 1700 cm?, Fig. 7.3A), starch fingerprint bands (940 to 1060 cm™, Fig. 7.3B), and
OH-stretching (3200-3600 cm™, Fig. 7.3C) region for hydrogen bonding were
evaluated to understand their roles in determining the microstructural characters
of cooked GFO incorporated with RP and LAGG (Yang et al., 2017; Garcia-Valle et al.,
2021).

An analysis of the amide | region of the FTIR spectrum can provide information
regarding the secondary structure of proteins, which can inform their functionality
and interaction with the textural properties of cooked GFO. From the fitting of the
experimental data, four peaks could be identified from the numerical deconvolution
of the amide | region. As illustrated in Fig. 7.3A, these peaks corresponded to B-
sheets (1615-1637 and 1682-1700 cm), random coils (1637-1645 cm™), a-helix
(1637-1645 cm™) and B-turns (1665-1681 cm™), following the study of Wang et al.
(2019). As shown in Fig. 7.3a, B-sheets were the largest component for cooked GFO
(over 44 %), followed by a-helix (25-33 %) and B-turn (14-24 %). The content ratio
of GFO made with RFPR showed higher B-sheets and lower B-Turn than the other
samples, but the difference was insignificant. A difference in the B-sheet structure
ratio is thought to be associated with dough viscoelasticity after hydration and
textural characteristics after cooking. In a study by Jeong et al. (2017), a rice-based
dough complex with zein (> 5 %, w/w) exhibited a 28 % increase in B-sheets intensity
and could form long noodles. In contrast, pasta made from a chickpea-wheat blend
(50:50) has been reported to have a lower B-sheet and higher B-turn ratio and
exhibit less elastic, chewy, and harder (but not significantly) characteristics than
wheat pasta after cooking (Garcia-Valle et al., 2021). As also supported by the results
from the present study, RFRP exhibits a higher B-sheets ratio and higher
cohesiveness and chewiness than the RF control. The RFRP was, however, noted to
have low hardness, which was different from previous studies, which could be due
to less fibre and the lack of gluten network compared to pea flour and wheat flour.
As illustrated (Fig. 7.3B), the FTIR spectrum of starch reveals a complex sequence of

intensive peaks (940-1060 cm™) mainly arising from coupled C-O and C-O-H
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vibrational modes (Frederick et al., 2016). Several studies on starch, including
wheat, corn and rice, have revealed that the bands at 1022 cm™ appear to increase
in amorphous samples, whereas the bands at 995 cm™ (e.g., intramolecular
hydrogen bonds formed between the hydroxyl groups) and 1047 cm™ (e.g.,
formation of double helices) appear more clearly defined in crystallised samples
(Ubeyitogullari et al. 2018; Cao et al. 2020; Zhang et al. 2023). As a result, the ratio
of 995/1022 (R995/1022) and 1047/1022 (R1047/1022) was used to evaluate the
alignment of helices and quantify the short-range order of starch structures. As
shown in Fig. 7.3b, the R1047/1022 of the RFRP were significantly higher than the
RF control, indicating a higher ratio of ordered to amorphous starch structure when
RP is present at higher concentrations. The results were similar to those of
enzymatically modified RF containing an increased protein content (8 % to 13 %)
reported by Zhai et al. (2023). As suggested, RP possibly contributed to this by
providing an encasing effect, inhibiting the gelatinisation of the starch granules,
thereby remaining in a more starch ordered structure. This also corresponds to the
results of this thesis, as a significantly lower PV and rehydration level was observed.
It was shown in this study that the protein was forming a more stable/orderly
secondary structure (e.g., higher in B-sheets), although the difference was

insignificant.

Additionally, the interaction with unfolded protein chains could contribute to the
recrystallisation of leached amylose by affecting water migration (Wu et al., 2023).
It was also reflected in the higher SB viscosity and degree of crystallinity (reported
in Section 7.3.4) shown in RFRP than in RF control. When the starch has more
crystallised components, i.e., a more organised structure, the glucose hydroxyl
groups form hydrogen bonds between themselves, whereas when the starch is
more amorphous, there will be more hydrogen bonds between starch and water,
which would explain the higher water-bonding capacity than the control.
Comparably, other water-binding constituents within the food matrices, such as
LAGG used in the current study, also showed an effect on starch retrogradation. For

LAGG added via dough-making, higher R995/1022 of R1047/1022 were observed in
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RFRP_1LA 1 than RFRP, and both became significantly higher in RF_1LA_1 than the
RF control. The addition of LAGG via cooking did not differ in either case. The findings
indicate that the LAGG addition in the formulation plays a key role in water mobility

through hydrogen bonding and electrostatic interactions within the starch matrices.

For these reasons, the water state, which the OH-stretching groups can reflect, is
important in GFO’s texture and digestion behaviour in this study. Following Gaussian
fitting analyses, it was found that a series of three overlapping OH-stretching bands
that occurred from high frequencies to low frequencies peaks at 3540, 3393, and
3220 cm ! corresponded to water-water interactions (free water), and the
interaction between water molecules and GFO constituents. It should be noted that
if the OH peak position shifts to a lower wavenumber, it could be due to the
hydrogen bonding weakening the OH bond strength, which results in a lower
stretching frequency (Janardhnan & Sain, 2011; Lee et al., 2015). As shown in the
Fig. 7.3C, lower-frequency components (peaking at 3220 and 3393 cm™) were
dominant, with combined contents ranging from 78 % to 86 %, while free water
(3540 cm™) contributed only to 13-18 % Fig. 7.3c). The results suggest that OH-
stretching was linked to their protein-starch matrices via intra- and intermolecular
bonds. Based on similar findings reported by Garcia-Valle et al. (2021), they
suggested that water molecules within pasta exhibited strong and moderate linkage
bonds with their surrounding environment. As recommended by the International
Union of Pure and Applied Chemistry, the term "strong hydrogen bonds" results in
the red shifting of the frequency (lower wavenumber) of infrared OH-stretching
(Arunan et al., 2011). This study observed the deshielding of the proton for H in O—
H, which may require further verification by nuclear magnetic resonance analysis.
As shown in Fig. 7.3C, due to the substitution with RP and addition of LAGG, 3220
and 3393 cm-1 ratios were higher, while not significant compared with RF control.
It has been reported that cooked chickpea pasta exhibits similar absorbance
patterns to wheat pasta (Garcia-Valle et al., 2021). The same pattern was observed
in sweet potato vermicelli containing white protein and hydrocolloids such as

xanthan gum (Feng et al., 2020). These results suggested that higher protein and
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hydrocolloid levels might facilitate the formation of more complex hydrogen bonds

between water molecules and various pasta components.
7.3.4 XRD pattern of cooked orzo

The XRD patterns of GFO samples are presented (Fig. 7.4). RF control displayed a V-
type diffraction pattern with 13.2 and 20°(28) peaks. The findings were consistent
with the previous results reported by Farooq et al. (2021) on cooked RF and
Thuengtung et al. (2019) on cooked rice using two different methods (microwave
and steaming). Both suggested that the interaction between starch and other
components, like protein, could form helical inclusion complexes with amylose
during heat-moisture treatment (cooking). As a result of LAGG addition, either via
processing (RF_1LA_1) or cooking (RF_1LA_2), both resulting samples also exhibited
V-type crystalline structures, indicating that LAGG did not alter starch crystallisation
type. Comparable results were also reported by Huang et al. (2022) in rice noodles
complexed with xanthan gum (0 and 2.5 %, flour-based), as well as by He et al. (2020)
on rice starch-guar gum complexes with thermomechanical treatment. The
crystallisation degree of RF_1LA_1 was higher than that of RF, while the degree of
crystallinity (DOC) of RF_1LA_2 remained similar to the RF control (as shown in Fig.
7.4). The difference possibly resulted from the stronger intrinsic LAGG-AM
interaction than AM-AM, which prevented starch molecules from reorganising
(retrogradation). Results in this chapter were consistent with the low setback values
observed in Section 7.3.2. The DOC has also been observed to increase in starch
mixtures containing an increased concentration (0-10 %) of guar gum, as reported

by He et al. (2020).
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Fig. 7.4. XRD patterns for cooked GFO incorporated with RP and/or LAGG samples.

The GFO enriched with RP (RFRP) and its further combination with LAGG
(RFRP_1LA_1 and RFRP_1LA_2) revealed hybrid A+V crystalline structures as
demonstrated by the simultaneous appearance of both peak sets at 15°, 17°, 18°,
and 23° (characterised as A-type), as well as at 13° and 20° (characterised as V-type).
Neither LAGG addition method showed an apparent alteration in crystallinity.
However, LAGG addition via dough-making resulted in a significantly higher DOC
than the control (no LAGG) or addition via cooking. Rice starch typically has A-type
crystalline structures, characterised by self-assembled debranched starches via
crystallisation and parallel-stranded double helices arranged in monoclinic unit cells
(Dome et al., 2020). Meanwhile, the V-type structure may vary depending on the
structure of the guest (protein and/or LAGG) and its interactions with the host

structure (starch).
7.3.5 Morphology of cooked orzo

The microscopic structure of cooked GFO samples is depicted in Fig. 7.5. In all
samples, starch granules (coloured bluish-purple) were surrounded by a protein
network (stained green). A gradual microstructural change from the pasta surface
to its core was not evident, which differed from wheat pasta enriched with gluten,

faba or egg protein reported by Laleg et al. (2016). As samples have been cooked to
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their optional cooking time (as completely cooked without a white raw core
appearance), the heterogeneous structure regions showed in wheat pasta, which
can be distinguished by the degree of starch swelling decreasing towards the core,
may be difficult to identify in GFO at this scale. The damaged protein networks were
observed in the RF control, while a portion of the starch granule units were partially
preserved (Fig. 7.5A1). There were notable increases in protein content in cooked
GFO samples. Large RP aggregates (green) surrounded by starch (dark blue) were

readily apparent.

As a result of adding LAGG during dough-making (RF_1LA_1, Fig. 7.5A2), the cellular
units of the protein-starch matrices disintegrated and were replaced by a gel-like
starch mixture surrounded by protein layers. A similar structure was also observed
at the periphery region of RF orzo cooked in LAGG desperation (RF_1LA 2, Fig.
7.5A3). The RF_1LA_1 and RFRP_1LA_1 fluorescence micrograph further
demonstrated that adding LAGG via dough-making promoted the formation of
LAGG-derived networks exhibiting sponge-like ordered structures (Fig. 7.5B2 and
B5). Upon cooking in a LAGG dispersion, the resultant orzo developed a hydrogel
coating (Fig. 7.5B3 and B6). ESEM images showed that in the RF control (without
LAGG), starch granules leached and adhered to the orzo surface while protein-starch

matric units were still visible (Fig. 7.5D1).

Compared to the control sample, LAGG promoted a textured but intact structure on
the surface of cooked GFO samples. An inner fibrous network structure was
observed in the cross-section of RF_1LA_1, which showed a similar structure pattern
as gluten-free pasta with xanthan gum, as demonstrated by Ertas et al. (2022). The
RFRP, on the other hand, presented a smooth surface with protein-starch matrices
surrounded by flocculant masses, suggesting the formation of RP aggregates.
Following cooking in LAGG dispersion, the RF_1LA 2 and RFRP_1LA_2 also showed
similar smooth surfaces. The observed linear fabric strands adhering to the surface
may represent a self-assembled hydrogel, similar to a structure reported in the
LAGG hydrogel system for ocular medicine (Rupenthal et al., 2011). From the outer

to the central region of these two GFO types, two distinct regions were observed
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based on their textural differences, which may indicate the presence of hydrogel

penetration and embedding to the GFO.
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Fig. 7.5. Morphology of cooked GFO incorporated with RP and/or LAGG. Brightfield
(A, cross-section), fluorescence (B, cross-section), and ESEM (C, surface; D, cross-section).
Under brightfield micrographs show protein in green (stained with Fast Green) and starch
in blue—purple (stained with 10 % Lugol’s iodine solution); scale bars 100 um. In
fluorescence micrographs, SDTAF labelled LAGG is shown in green; scale bars 100 um. In
ESEM, the fabric structure is observed (pointed by arrows); scale bars 50 um.



7.3.6 Textural properties of cooked orzo

Besides being an important characteristic for consumers, the texture profiles
(hardness, resilience, cohesiveness, springiness, chewiness, and adhesiveness) of
cooked GFO also contribute to oral digestion. Texture results from this work are
presented in Fig. 7.6. RP-enrichment (RFRP) displayed significant reductions in
hardness (p < 0.05) but increased cohesiveness and chewiness (p < 0.05) than the
RF control. No significant difference was found in adhesiveness and springiness (p >
0.05), indicating that RFRP has a softer and more extensible texture than RF control.
These results agree with the work of previous results obtained with RP-enriched rice
pasta, in which replacing RF with RP (0.0-7.5 %) resulted in a significant decrease in
hardness while increasing adhesiveness, and similar pasting properties to those
found in this thesis (Detchewa et al., 2022). As a result of RP-enrichment, RFRP
showed a lower FV and a higher SB than the RF control. A rice noodle with
comparable pasting properties had been reported to have a similar texture profile
(Han et al., 2011). In this case, since proteins are integrated within the starch
structure organisation, the resulting textural changes are more complex than they
would be as single components. Due to this textural profile, particle size
distributions in RFRP boluses collected in vitro for oral processing were not
significantly different from those in the RF control, with d(50) values of 0.68 + 0.08

mm and 0.67 + 0.04 mm for RFRP and RF, respectively (shown in Fig. 7.7).
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Fig. 7.6 Radar chart of the texture profiles of GFO made with rice-based formula
incorporated with RP and LAGG. In the grey cycle, textural factors followed by a lower
letter presented in the cycle are not significantly different (p > 0.05).
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Fig. 7.7 Particle size distribution curves of cooked rice-based GFO pasta obtained
after 20 s homogenisation (in vitro oral process simulation).The curves are presented
as the mean cumulative weight of particles passing through each sieve (n = 4). Boluses
containing particles larger than the greater sieve aperture did not achieve 100 % cumulative
weight. The median size d(50) was obtained by graphical projection for each curve. The shift
towards larger particles in the RF control with the addition of LAGG was accompanied by a
higher d(50) value. This was not observed in the RP-enriched sample.

Selected characteristics of the cooked GFO were found to change due to the LAGG

addition. Increased hardness was observed in cooked RF and RFRP with added

LAGG, and the increase became significant when LAGG was added during cooking.
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As a result of LAGG addition (both methods), the adhesiveness, resilience, and
springiness decreased slightly, but the differences in these values were not
significant (p > 0.05) compared with RF and RFRP controls (without LAGG).
Comparable results have been reported by Huang et al. (2022) on cooked rice
noodles formulated with xanthan gum and by Hanet al. (2011) on rice starch noodles
with gellan gum, both of which increased hardness but reduced adhesiveness when
the hydrocolloids were added. Several factors may have contributed to textural
differences. These include the intramolecular interactions between the LAGG helix
chains themselves, providing LAGG with a brittle structure, and intermolecular
interactions with proteins and/or starch, which would have increased the
complexity of cooked GFO microstructure, along with its overall structural rigidity.
Therefore, different methods of adding LAGG to cooked GFO were expected to
result in different textural characteristics. As shown in Fig. 7.6, RF_1LA_1 and
RFRP_1LA_1 (addition via dough-making) showed higher cohesiveness and
chewiness than the RF and RFRP controls. However, these differences were not
statistically significant (p > 0.05), apart from the RF_1LA 2 (addition via cooking),
which displayed significantly lower adhesiveness and chewiness (p < 0.05). This
result suggested that adding LAGG during dough preparation might facilitate the
restructuring of the protein-starch and hydrocolloid in the matrices during cooking,
resulting in a structured GFO with a stronger or more interconnected microstructure
and a more cohesive texture. A similar result has been observed with xanthan-
formulated rice noodles (Huang et al., 2022). As a result of the cooking with LAGG,
the results in this current study revealed that the hydrogel coating the periphery of
GFO (observed in DTAF-labelled LAGG in Fig. 7.5B3 and B6) provided a binding effect
to the leached amylose by hydrocolloids (significantly lower in the CL compared to
the RF control), resulting in a rigid surface layer. In this manner, the GFO hardness
increased (in response, its hardness increased in the first compression cycle),
whereas no significant changes were observed in the RF_1LA_2 in the following
compression (in response as no significant difference in cohesiveness and chewiness

compared to RF and RFRP, respectively). After oral processing simulation, the LAGG-
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incorporated GFO bolus consisted of a higher proportion of larger particles (50 % >

0.94 mm) than the RF control bolus (shown in Fig. 7.7)
7.3.7 Invitro digestion (static model)

After in vitro digestion, the starch digestibility of cooked GFO was evaluated by
measuring the amount of reducing sugar (primarily maltose) released from the
starch hydrolysis into the liquid phase of the bolus (after oral processing), chyme
(after gastric phase) and digested mass during intestinal phase (at each digestion
time point).The amount of digested starch in the gastric phase was higher than in
the oral phase for all samples, except for RF and RF_LA 1 (not statistically different)
(Shown in Fig. 7.8).
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Fig. 7.8. Oral and gastric starch digestibility of cooked orzo evaluated after 20 s
homogenisation. Digestibility was expressed as % (w/w) of digested starch (maltose in
the liquid phase) of the bolus before and after gastric digestion.

Regarding the intestinal phase (Fig. 7.9), it was observed that starch hydrolysis
began to increase rapidly after 30 mins and then gradually increased at a slow and
steady rate for 180 mins. The RP-enrichment and/or addition of LAGG (via dough-
making or addition in cooking water) slowed down starch digestion, resulting in 2.5-
14.5 % less digested starch at the end of the experiment period compared to the RF
control (shown in Fig.7.9). The results were consistent with micro-extruded rice

starch prepared with guar gum, as reported by He et al. (2020). The deceleration
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effect of LAGG addition in starch digestion of RFRP samples was not clearly observed
in the digestion period. Also, adding LAGG via dough-making slowed down the
process more than adding LAGG through cooking, although the difference was

insignificant (Tab. 7.4).

The digestion change as a function of time can be quantitatively described by certain
key parameters following the application of piecewise first-order kinetic models
established by Gofii et al. (1997) and further developed by other researchers (Patel
et al., 2014; Edwards et al. 2018; Li and Hu, 2020; Yu et al., 2021; Butterworth et al.,
2022). These factors include time identifiers, which indicate the time intervals for
each consecutive reaction. An example in this study is the intersection of the
different phases shown in the LoS plot, representing the point at which the rapid
phase is about to reach a plateau, and the slower phase begins to emerge; digestion
rate coefficients (ki1 and kz); and estimated starch digested percentages (C-1and
C-2), which is the estimated concentration of each digestion phase. As shown in Tab.
7.4, the model applied agrees with the experimental data, as indicated by R? over
0.99. All samples showed a two-phase digestion pattern. For example, the RF control
samples digested rapidly in the first 20 mins and reached equilibrium with over 50
% of the starch digested as expected (C~1+ Co). Afterwards, digestion slowed down,
with a ten times lower rate constant (kz) than ki. It fits the concept of rapid starch
digestion. Both methods of adding LAGG to RF samples significantly reduced the ki
values in the rapid phase of the experiment. Meanwhile, C~1 showed a reduction in
estimated concentrations to 30 % digested starch, indicating that LAGG mediated
starch digestion rate and a reduction in RDS concentration. The mediating effect
appeared to diminish in the later slow phase, as their k; became higher than that of

RF control, although the difference was insignificant (p < 0.05).

The RP-enriched GFO showed a small but significant increase in Co compared to the
RF control. It is possible that the smaller particle size following oral fragmentation,
coupled with a reduced amount of entrapment due to the protein network’s
hydrolysation in the gastric phase, may lead to greater exposure of starch granules

to pancreatic amylase attack. As the rapid phase progressed, a decrease in ki from
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0.087 to 0.046 min! was observed in RFRP, resulting in a decreased C~; after 20
mins digestion. The digestion subsequently slowed down with a slightly lower k3
than the RF control, leading to a lower, but not significant, final concentration of
digested starch. A similar reduction in digestion rate and extent has been reported
in wheat protein hydrolysates (pepsin hydrolysis for 30 mins as used in this study)-
rice starch complexes under co-gelatinisation, reduced starch digestibility also
shown in hydrothermally treated rice starch-rice peptide (pepsin hydrolysis for 120

mins) mixtures (Lu et al., 2022, 2023).

There are several possible explanations for this phenomenon: 1) the amino acid
sequences with different molecular weights (< 10 kDa) of hydrolysed RP peptide
chains entangled with hydrolysed starch chains, sterically hindering enzyme contact;
2) peptides derived from digested RP are likely to form complexes with starch at
neutral pH, inhibiting starch hydrolysis; 3) the remaining hybrid A+V-type protein-
starch complexes with a higher crystallinity hinder the enzymatic degradation of

starch.

Further addition of LAGG to RPRF reduced starch digestibility at a similar level to the
RFRP control with no significant differences amongst the three pGl values (as shown
in Tab. 7.4). The RF control had a pGl of 78, considered a high-Gl food (Gl over 70 in
vivo, over 75 in vitro) (Truong et al., 2014; Chi et al., 2019). The pGl of RF with LAGG
addition was lower at an intermediate Gl level (below 70). LAGG addition via dough-
making displayed the lowest PGl (67) but did not differ significantly from LAGG
addition via cooking. Although RFRP and LAGG additions observed lower pGl than
RF control, they were considered high-Gl (Gl > 70) foods according to in vivo
categorisation. Notably, the methods used in this study yielded an effective
reduction of pGl, demonstrating the potential of these methods to modulate the

digestibility of starch and the development of low pGl rice-based GF pasta.
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Tab. 7.4. Kinetic models for in vitro digestion (static model) of cooked orzo incorporated with RP and LAGG under oral processing simulations (20s

homogenisation).
Sample code Co (%) ki (min) Coo1 (%) tint (mMin) k2 (min ) Co2 (%) C total (%) Cig0 (%) pGl R?
RF 8.1+2.4° 0.087+0.004° 425+15% 20.0+1.5° 0.015+0.001* 442+1.0° 949+29%* 787+15° 784+3.5* 0.9998

RF_ILA .1 6.7+1.1° 0.043+0.002° 30.9+1.8" 23.0£24° 0.017+£0.001° 47.9+4.2° 885+49° 69.1+1.3° 67.7+2.2° 0.9971
RF_ILA 2  63%13° 0.049+0.003° 347+15° 20.0£28° 0.017+0.001° 43.6+1.3° 88.7+14° 69.843.0° 689+34° 0.9978
RFRP 11.7+0.5%® 0.046+0.005° 28.6+3.4° 20.0+1.0° 0.013+0.002° 58.5+1.7° 98.8+15° 76.2+10° 71.8+1.7* 0.9981
RFRP_ILA_1 12.9+1.4° 0.045£0.002° 32.5+£2.2° 20.0+0.7®> 0.014+0.001°® 45.7+0.5° 91.2+1.4° 725+2.8% 70.0+3.0° 0.9991
RFRP_1LA_2 12.2+1.0° 0.051£0.002° 27.2+2.2¢ 20.0+1.0° 0.015+£0.001°® 54.8+2.2° 943+19% 76.8+3.2® 71.1+2.9°° 0.9879

Mean + SD calculated from triplicate measurements. For each parameter (named in the first row), the different superscript letters indicate values among the
6 samples are statistically different (p < 0.05). Values presented here are: the concentration of digested starch (Co, %) at the beginning of intestinal digestion
phase; starch digestion rate constants of rapid (ki) and slow phase (k;), corresponding estimated percentage of digested starch (Ce;and Cez, %), tint is defined
as the time intersection of two distinct digestion phase. The percentage of digested starch at the end of experiment predicted (Ciota, %) and practical (Ciso,
%), predicted glycemic index (pGl), and the goodness of curve-fitting (reflected by R?).0's, 10 s, 20 s refer to different homogenisation time
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7.3.8 Invitro digestion (semi-dynamic model)

With the change in pH (from 3 to 5) and mechanical stresses and fluid flows provided
by the peristaltic pumps, detailed simulations of the digestive tract were developed
to assess the reproducibility of results obtained from a static model and to gather
comprehensive information on digestion behaviour, such as digesta viscosity. The
real-time viscosity of the solution was monitored, as well as its digestibility, to
evaluate viscosity changes while starch digestion occurred. Fig. 7.10 illustrates the
evolution of the apparent viscosity and starch digestibility of the bolus in the gastric
phase and the chyme in the intestinal phase during in vitro digestion of cooked GFO

incorporated with RP and/or LAGG.

With 30 mins of gastric digestion, the RF control demonstrated low mean viscosity
values, gradually reducing from 978 to 820 cP. Similar trends were observed in the
samples (RF and RFRP) when LAGG was added via cooking. The gastric viscosity of
samples (RF and RFRP) incorporated with LAGG remained fairly stable. The viscosity
stability may be attributed to the hydrolysis of protein networks by pepsin.
Homogenised orzo with smaller particles facilitates dispersion in liquid. As a result
of gastric movements and the environment (acidity and enzyme activity), particle
size is further reduced, and pepsin facilitates the release of peptides and entrapped
starch granules from the food matrices, maintaining the viscosity level of the
dispersion (Villemejane et al., 2015). Viscosity stability could also be explained by
reinforcing the cross-links in the inner hydrocolloid chains resulting from acid

exposure (Bradbeer et al., 2014).

In the intestinal phase, RP-enrichment appears to contribute to the increase in orzo
digesta viscosity, but the increase is not significant, with viscosities up to 530 +164
compared to RF control as 377 + 161 (shown in Fig. 7.10A1 and B1). For the same
method of adding LAGG via cooking, RFRP_1LA_2 also displayed a higher viscosity
than RF_1LA 2 (Fig. 7.10A3 and B3). It suggests that protein enrichment has a
facilitating effect on viscosity development. Adding LAGG via dough-making also
impacted the viscosity of digesta in the intestinal phase. Regardless of the RP-
enrichment, digesta viscosity was higher for RF_1LA 1 and RFRP_1LA 1 than for the
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control and adding LAGG via cooking. The results are consistent with the theory that
LAGGs are not degraded in intestinal phases and keep their viscosifying properties

and interpenetrating network structure (Bradbeer et al., 2014; Xu et al., 2023).

Further fitting parameters for digestion plots of all samples using the piecewise first-
order kinetic model were presented in Tab. 7.5. The R? value of 0.99 indicates that
the model fits well into the digestion curve. As observed in the static model, the
sample digested in the semi-dynamic model also showed multiple digestion phases
(rapid to slow) and approximately 50 % of starch was digested at the end of the rapid
phase, which suggests that the amount of rapidly digestible starch is largely

determined by the food characteristics rather than digestion process.

Unlike the static model results, a significant increase was observed in the CO of the
RF control as an example, and it reached its first equilibrium at a faster rate (k1 =
0.099 for DDM > 0.087 for static) within 20 mins. As in the static model, the RF with
LAGG addition demonstrated similar retarding effects on starch digestion both
during dough-making and during cooking, although both ki was significantly

increased.

Interestingly, the trend of Cw1and ki did not fully coincide with one another. This
means the k value of RF_1LA_2 was lower than those of RF control and RF_1LA_1,
but the former had a much higher Cws than those of the latter two. Comparable
results have been reported previously and indicate that the initial starch digestion
(here in the case of C,) is determined more by the starch hierarchical structure, while
C-1is further influenced by other factors, such as enzyme activity (Chi et al., 2019).
Hence, the ki and C-1 changes for starch-LAGG formulations reflect the synergistic

effects of starch gel structure and LAGG inhibitory activity against a-amylase.

Under the semi-dynamic model, the k1 values were significantly decreased with RP-
enrichment and LAGG addition (via dough-making and cooking) compared to the RF
control, and the first equilibrium took a longer time to reach, which indicated their
mitigation effect was more on digestion rate than extent with a slightly elevated ka,
the final digestion extent reached similar levels to the RF control, ranging between

82.0+1.5and 76.3 £0.9.
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Itis also important to note that RFRP_1LA 1 showed the lowest ki and k; values and
the lowest digested starch content (72.0+2.8) at the end of the digestion period. As
a result of the complex nature of the semi-dynamic digestion model, the formulation
of rice-based GF pasta consisting of RF incorporated with RP and LAGG
demonstrated more promising results in retarding starch digestion, suggesting that

further exploration of relative food production development with reduced Gl.
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Fig. 7.10 Evolution of the digesta viscosity and in vitro starch digestion versus time
in the gastric and intestinal phase. A1-3 showed RF and/or with LAGG addition via
dough-making RF_1LA_1 and via cooking RF_1LA_2; B1-3 showed RP-enriched RF and/or
with LAGG addition via dough-making RFRP_1LA 1 and via cooking RFRP_1LA_2.
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Tab. 7.5. Kinetic models for in vitro digestion (semi-dynamic digestion model) of cooked orzo incorporated with RP and LAGG under oral processing
simulations (20s homogenisation).

Sample code Co (%) ki (min1) Cie (%) tine (Min) k2 (min 1) Caee (%) C total (%) Cig0(%) pGl R?

RF 18.0+0.8° 0.099+0.006° 30.7+1.5° 16.8+2.0° 0.014+0.002° 36.3+1.1¢ 85.0+1.4° 82.0+1.5° 78.5+2.8° 0.9978
RF_1LA 1 12.8+0.5°¢ 0.069+0.003°  29.3#3.1° 17.8+1.2° 0.013+0.001° 49.2+3.8° 91.3+1.0° 76.3+0.9 * 72.6£1.2% 0.9984
RF_1LA 2 15.3+0.5 0.052+0.001  34.3+2.3*  20.0+2.0° 0.014+0.001° 47.6£1.6% 97.2+3.2° 80.5£3.0° 73.4£1.0% 0.9986
RFRP 15.3+1.9 0.058+0.002 ¢ 30.5+3.6° 18.5+2.0° 0.016+0.001° 44.4+3.2°°® 96.5+2.4% 80.3+1.0° 77.6£3.2 % 0.9985
RFRP_1LA_1 15.8+0.6% 0.045+0.004¢  30.8+1.4° 19.2+2.0° 0.013+0.002° 37.7+1.4% 84.3+2.6°¢ 72.0+2.8" 70.5+1.5° 0.9981
RFRP_1LA 2 14.9+0.7° 0.050+0.003° 33.9+4.0° 18.0+2.4° 0.015+0.002° 49.744.2® 98.5+2.4° 79.4+2.3° 74.0£4.3 0.9983

Mean + SD calculated from triplicate measurements. For each parameter (named in the first row), the different superscript letters indicate values among the
6 samples are statistically different (p < 0.05). Values presented here are: the concentration of digested starch (Co, %) at the beginning of intestinal digestion
phase; starch digestion rate constants of rapid (ki) and slow phase (k;), corresponding estimated percentage of digested starch (Ce;and Cez, %), tint is defined
as the time intersection of two distinct digestion phase. The percentage of digested starch at the end of experiment predicted (Ciota, %) and practical (Ciso,
%), predicted glycemic index (pGl), and the goodness of curve-fitting (reflected by R?). 0's, 10 s, 20 s refer to different homogenisation time.



7.4 Conclusion

In this study, rice-based gluten-free orzo (GFO) pasta was produced with
formulations enriched with rice protein (RP) and/or low acyl gellan gum (LAGG) to

improve cooking quality and reduce starch digestibility.

The results showed that RP and/or LAGG addition to GFO pasta formulations
reduced CL and pGl. The GFO formulation with LAGG showed greater ordering,
crystallinity, and homogeneity of structure, larger bolus sizes and the lowest starch
digestibility among all the formulations under static in vitro digestion conditions.
Under semi-dynamic digestion conditions, characterised by a pH increase from 3 to
5 in the gastric phase and simulated peristaltic movements (both not produced in
the static digestion model), GFO incorporated with both RP and LAGG exhibited the
lowest starch digestibility and pGl, which the high ordering structure and viscosity

of the intestinal phase could explain.

The results presented in this study may contribute to developing new formulations

of gluten-free pasta with low-Gl, characterised by desirable texture properties.
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8 General discussions, conclusions, and

recommendations for future work

8.1 General discussions and conclusions

The aim of this PhD thesis was to evaluate potential methods to modify starch in
rice to decrease its starch digestibility, and to formulate low-glycaemic index (low-
Gl) rice-based products by understanding the composition, structure and function
of rice protein-starch matrices. This aligns with the principles of biomimetic design
(Do et al., 2018), where the configuration of starch-entrapped matrices in low-Gl
rice varieties (whether naturally occurring or created through physical means -
parboiling) was replicated. The findings of this thesis could help develop several

types of low-Gl foods with health potential.

The principle upon which low-GlI food could be effectively produced is to preserve
the functional properties (i.e. slowing starch enzymatic digestion) of starch-
entrapped matrices when subjected to digestion (resulting in structural disruption,

enzyme attack, and pH change).

Therefore, knowing the mechanisms by which digestion affects the rice
microstructure is a key element to understand how to preserve the protein-starch
matrices. To understand the relationship microstructure-digestion, it may be useful

to refer to foods with already proven health effects, such as parboiled rice.

An important contribution to preserve the protein-starch matrices microstructure
and control rice starch digestion rate could come from low acyl gellan gum (LAGG),
an indigestible hydrocolloid. LAGG was chosen in this thesis as a representative
hydrocolloid because it is widely used in the food industry as a thickener, emulsifier,
gelling agent, and stabiliser (Norton et al., 2011; Fang et al., 2018; Nooshkam &
Varidi, 2021). It also exhibits medical and nutritional values as an encapsulation
medium for functional compounds that require extended-time release (Omoto et
al., 1999; Ferris et al., 2013; Bacelar et al., 2016; Milivojevic et al., 2019;). There has

been limited discussion of LAGG's effects on mitigating starch digestibility and their
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underlying mechanisms, and this study attempts to fill the gap. The work discussed

in the four experimental chapters (4 to 7) was focused on the following objectives:

e Understand the effect of cooking on the characteristics of the protein networks
concerning starch digestibility in white rice (Chapter 4).

e Understand the effect of protein hydrolysis on the impact of starch digestibility
in white rice (Chapter 5).

e Utilise a semi-dynamic digestion system to create a complex digestion scenario
to understand the digestive response of cooked white rice (Chapter 6).

e Study the role of low acyl gellan gum in preserving the microstructure of white
rice upon cooking (Chapters 4 to 7).

e Based on the results of chapters 4, 5, and 6, develop a formulation to bio-mimic
the protein-starch matrices and create food with low-Gl properties (Chapter

7).

8.1.1 The protein-starch matrices play a role in regulating rice starch

digestibility in vitro

In this study, the influence of protein-starch matrices on rice starch digestibility in
vitro was investigated. Rice grain, like many cereals (such as corn and wheat),
contains protein, which can encapsulate starch granules on a micron scale. Same as
many cereals, rice also requires hydrothermal treatment (such as boiling) and
cooling until it is suitable for consumption (Jamilah et al., 2009; Bravo-Nufiez et al.,
2019; Zheng et al., 2021). During cooking, physicochemical changes in proteins
(denaturation) and starches (gelatinisation and retrogradation) occur, causing
changes in the matrix organisation and interaction between these two components.
Therefore, the primary research questions focused on understanding the
physiochemical changes and structural interactions between proteins and starches
during cooking and their subsequent effects on starch digestibility. Among the most
consumed types of white rice with clinic-confirmed Gl values, a high-and low-Gl rice
variety were selected, namely Jasmine white rice (JR; high-Gl) and parboiled white

rice (PR; low-Gl).
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The results demonstrated that changes in the proteins present in the matrices
contributed to the inhibitory effects on starch digestibility in cooked rice. As a result
of the absence of protein (protein extraction), JR starch showed individual starch
granules were released (morphology). The JR starch molecule was characterised by
a large number of branched helices that grouped neatly into crystalline arrays
(shown by FTIR), identified with an A-type pattern with high relative crystallinity
(shown by XRD). However, the crystallinity was easily lost during cooking, causing
the starch to be highly digestible. Comparable results have been reported in high-Gl
basmati rice varieties by Gunathilaka and Ekanayake (2015), and in cooked RF by
Wang et al. (2017). These results suggested that the high concentration of
amylopectin was favourable for water penetration upon heating, thus promoting
the role of a-amylase during digestion, thereby explaining the high digestibility of JR

starch.

In contrast, protein networks act as a barrier to starch gelatinisation by limiting
water access and swelling space, and by decreasing amylase accessibility to starch.
This results in decreased starch digestion in JR flour, and even further reduction in

JR grain, due to the higher density of the protein-starch matrices in the grain.

Researchers have previously demonstrated that the starch-protein interactions in
the matrices are multi-scale (e.g., molecular orders, nanoscale structure and
morphology), and occur through different types of bonds (e.g., hydrogen bonds, Van
der Waals forces, hydrophobic interactions, etc.) (Scott & Awika, 2023; Shi et al.,
2020; J. Wang et al., 2021; Zhang et al., 2022). In the presence of heat and water
during cooking, these interactions can be disrupted. As shown in this study, protein
denaturation occurs during cooking, with change in their three-dimensional
structure (observed in FTIR). Denaturation affects protein interaction with water
(solubility), other proteins (aggregation), and starch (V-type complex); these
interactions are all vital to determine the initial digestion of starch. Due to the more
compact microstructure of rice grains, the level of intrinsic interactions within the
protein-starch matrices remains higher than that of JR flour and starch, resulting in

an increasingly challenging amylase degradation process.
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8.1.2 Disruption of the macroscopic-scale structure in rice increased starch

digestibility during in vitro digestion.

A novelty of this study was to understand how increasing starch digestibility along
with (in vitro) digestion, was related to a progressive rice grain microstructure
degradation. This effect became larger when an oral digestion simulation step
(homogenisation) was included. More extensive homogenisation (20 s) caused
higher starch digestibility than less extensive homogenisation (10 s).The static in
vitro digestion models with a multi-enzyme system revealed a progressive hydrolysis
of the rice protein networks. During gastric phase, the protein-starch matrices are
degraded due to the acidic environment (pH=3), causing protein denaturation and
higher exposure to enzymatic cleavage. Changes in ionic strength can also affect the
electrostatic interactions and binding properties of the matrix components,

potentially affecting its ability to inhibit starch digestion.

Findings in this thesis (Chapter 5) suggest that the enzymatic removal of proteins
from the matrices during gastric (pepsin) and intestinal (trypsin from pancreatin)
makes starch more digestible, as also reported by Ma et al. (2020) and Ye et al.
(2019). However, the peptides released upon digestion may also have an important
role in promoting or inhibiting starch digestibility. This role is not clear yet, and

future research may focus on the effect of peptides on regulating starch digestibility.

The possible reasons for increased starch digestibility upon digestion may be: i) loss
of matrix physical barrier function between starch and amylase, ii) disruption of
stabilising interactions (e.g., hydrogen bonds, hydrophobic interactions) between
protein and starch during cooking, promoting binding of digestive enzymes to

starch.

8.1.3 Modifying the protein-starch matrices microstructure may affect in

vitro starch digestibility.

In this thesis, the lower starch digestibility and pGl in cooked PR compared with JR
grains, was explained by differences in the protein-starch matrices. Compared to JR,

PR partially contains denatured proteins and pre-gelatinised starch, which may
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create a stronger and more compact matrices, which can act as a physical barrier
and inhibit the activity of digestive enzymes (Hasbullah et al., 2017; Tian et al., 2018).
Moreover, PR contains slow-digestible starch and characteristic protein-starch
complexes, which decrease the amount of glycosidic bonds exposed to amylase. The
presence of peptides and amino acids generated from denatured protein has been
reported to exhibit inhibited function on a-amylose by bonding to active site of the

enzyme or interacting with the complex of enzyme-substrates (Chi et al., 2018).
8.1.4 LAGG addition decreased starch digestibility.

An important finding in this thesis was the reduced starch digestibility (and pGl) in
cooked rice containing LAGG than in that without LAGG, both in intact and
homogenised rice. Various mechanism occurring during rice cooking and digestion
could be responsible for this mitigating action of LAGG. i) LAGG-coating of the grain
periphery, masking the pores and tunnels, acting as a physical barrier to enzymes
from the external, and preventing starch leaching from the inside of the grain. ii)
Water competition with starch, reducing the amount of free water available for
starch gelatinisation. iii) Starch-LAAG complex formation, preventing starch granules
from being accessible to enzymes. iv) Enhanced LAGG gel cohesiveness in acidic
gastric environment, due to LAGG ionisation and more effective interaction with
cations (Norton et al., 2011; Bradbeer et al., 2015). v) Increased digesta viscosity,
which hinders the movement of starch and enzymes in the digestive tract. vi) Larger
particle size of the homogenised samples containing LAGG compared with the ones
without LAGG, perhaps exposing less starch surface area for the possible

interactions with enzymes.

8.1.5 A food model system (rice-based orzo pasta) with reduced pGl was

produced based on the findings in this thesis

In Chapter 7, a pasta-type (orzo shape) food model was developed and appraised,
based on the findings from Chapter 4, 5, and 6. The microstructure of this food
consisted of starch granules entrapped by a protein and/or protein-LAGG matrices.

Orzo samples were prepared using four formulas: only RF, single and binary blends
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of RPs and LAGG (illustrated in Fig. 8.1). Two media were used for cooking orzo:

water and aqueous LAGG dispersion.

RFRP_LA_Ex

RF_LA_In RF_LA_Ex

Native protein-  Tnerinsic gel Extrinsic gel protein network
starch matrix mixture coating

Fig. 8.1. Schematic of the orzo pasta microstructure, inspired by PR and cooked
with LAGG in six different formulations. Legend: RF, rice flour; RF_LA_In, RF with the
addition of LAGG via dough-making (intrinsic addition); RF_LA_Ex, cooking RF pasta in LAGG
dispersion (extrinsic addition); RFRP, RF with the addition of rice protein (RP) via dough-
making (intrinsic addition); RFRP_LA_In, RF with the addition of RP and LAGG via dough-
making (intrinsic addition); RFRP_LA_Ex, cooking RFRP pasta in LAGG dispersion (extrinsic
addition).

Results showed that LAGG addition to the orzo formulation creates the matrices that
can function as a physical barrier against a-amylase access to entrapped starch,

similar to cooked PR. This effect can be enhanced by protein addition.

Orzo-shaped pasta containing RP and LAGG in the matrices exhibited the lowest
starch digestibility and pGl. The higher ordering structure and viscosity of the

intestinal phase could explain this.
8.2 Novelty of the research

This research is grounded in the principles of biomimetic design, which involves
replicating and enhancing the structural configurations characterised in low-Gl rice
varieties. The work presented here offers potential in both the fundamental
understanding of rice practical applications and nutritional contribution for food
industries and consumers. Specifically, the novelty contribution consists of the

following features:

321



i). Biomimetic design approach: By employing biomimetic principles, the study seeks
to better understand and reproduce the protein-starch matrices that are more
promising for reducing starch digestibility, offering innovative ways of developing

foods with health benefits.

ii) Role of LAGG: Demonstrating the effectiveness of LAGG in reducing starch
digestibility, and potentially increasing satiety. The addition methods explored in
this study are simple additions in domestic cooking and more complex additions in

a rice-based product formulation.

iii).Semi-dynamic digestion model: Introduction of a new dynamic in vitro digestion
model that simulates more complex digestion conditions related to in vivo,
providing better insights into how food structure affects starch digestibility and pGl

in response dynamic digestion conditions.

iv) Low-Gl rice-based formulation: Development of a novel rice-based formulation
that combines rice flour, RP, and LAGG to achieve low-Gl properties, expanding the

applications of low-Gl formulations.

By leveraging the principles of biomimetic design and the functional properties of
LAGG, we have introduced novel methods to enhance the structural and digestibility
characteristics of rice. The introduction of a semi-dynamic digestion model and the
creation of rice-based orzo pasta further illustrate the practical applications and
potential impact of this work. These contributions provide a foundation for future
research and innovation in the field of food science, with the potential to improve

public health through the development of healthier carbohydrate-based foods.
8.3 Recommendation of future work

Work in this thesis showed the possibility of controlling the glycaemic index of
rice/rice-based products by understanding the role of protein-starch matrices and
LAGG. Despite the global importance of rice as a staple food, and the promising
results shown by LAGG in decreasing starch digestibility, the field of exploration in

the near future could be expanded.

Potential areas to be explored are here reported:
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i) Use of other proteins and starches from different plant-based materials, and
hydrocolloids (e.g., xanthan or blends), to manufacture low-Gl foods. This would

generalise the findings to a broader range of food applications.

ii) Enhanced oral processing simulation: The oral processing simulation using a
household blender does not perfectly replicate the complex mechanical and
enzymatic processes occurring during mastication. While this method provides a
practical approximation, it lacks the nuanced movements and varying pressures of
human chewing, which may influence the breakdown and initial digestion of food.
Therefore, this can be improved by the use of dynamic oral simulators developed by

the University of Leeds or other oral mastication simulators.

iii) Weight and size changes during digestion: This study did not account for the
weight and size changes in the rice samples during digestion due to water
absorption, enzymatic breakdown, and response to mixing. These changes can all
affect the concentration and distribution of digestive enzymes and the accessibility
of starch granules, potentially influencing the overall digestibility results. Future
studies can develop methods to monitor weight and size changes during digestion.
These include water absorption by measuring water content before and after
digestion using gravimetric analysis or moisture analysers. The reduction of particle
weight/size due to enzymatic breakdown can be monitored using size-exclusion

chromatography with multi-angle light scattering.

iv) Interaction between protein and starch: The study focused on the
microstructural encapsulation of starch by the protein matrices but did not
extensively explore the chemical interactions (e.g., hydrogen bonding, hydrophobic
and charge-dipole interactions), which can significantly influence starch digestibility.
Analytical techniques like FTIR and Raman spectroscopy could provide insights into
these interactions by identifying specific functional groups involved in the bonding.
Nuclear Magnetic Resonance Spectroscopy can be used to investigate the changes
of double helices, single helix and amorphous fractions, respectively, which can be
affected by presence and interactions with protein and hydrocolloids. Additionally,

methods like zeta potential measurements can be used to study the surface charge
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interactions of protein-starch complexes, revealing how these interactions affect
the stability and digestibility of starch. Rheological studies can understand changes
in viscosity and texture of the digested matrices, which can be correlated with

physical state and strength of matrices in the digested samples.

v) Developing the semi-dynamic digestion system and expanding its applications, to
better simulate the human gastrointestinal tract. This can be achieved by
incorporating more advanced control of digestive parameters, such as pH, enzyme
concentrations, and peristaltic movements. Additionally, the application of this
system could be expanded to study the digestibility of a broader range of foods,
including different grains, legumes, and processed foods. Future work can first
include improvement of the simulated gastric and intestinal phases by using enzyme
mixtures with progressive additions (incremental secretion), and pH profiles that
change over time, and mimic gastric emptying conditions. Secondly, a model for
nutrient absorption could be included to study how different food components
affect the bioavailability of nutrients. The third aspect is to develop personalised
model-based digestion systems that can account for differences in chewing
conditions, enzyme levels, and transit times in infants, senior adults, and other
digestive physiology variations. It is possible to tailor dietary recommendations

based on this information.

By addressing these limitations and exploring these specific future work avenues,
research in this field can advance the understanding of starch digestibility and
contribute to the development of healthier, low-GlI food products. These
experiments will not only validate the protective mechanisms of the protein-LAGG
network but also guide the formulation of rice products with improved health

benefits.
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